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I. INTRODUCTION TO HUMAN-POWERED FLIGHT 



A. HISTORY OF HUMAN-POWERED FLIGHT 
1 . Fixed Wing 

The development of modern human-powered aircraft 
technology has been motivated primarily by a series of prizes. 
The first significant step toward building a human- powered 
aircraft capable of level flight occurred in 1935 when an 
aircraft called the Mufli competed for a 5,000 Mark prize. 
Although unable to sustain level flight, it none-the-less 
represented the first serious attempt to achieve human- 
powered f light . [Ref . 1 : p.l41] 

In 1959 a British industrialist named Henry Kremer offered 
a prize of 5,000 pounds sterling for the first human-powered 
aircraft to fly a figure-eight course around two pylons one- 
half of a mile apart. Although aircraft had been able to fly 
a straight mile for many years it was not until 1977 that the 
problem of making the turns was solved. The Gossamer Condor, 
designed by Dr. Paul MacCready Jr., won the prize which had 
increased to 50,000 pounds by then. 

It was MacCready' s innovative thinking in attacking the 
overall problem that allowed the team to win the prize. 
MacCready designed a lightweight and simple airframe with a 
much larger planform (95-foot span with a 12-foot chord) than 
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most of the human-powered aircraft flying at the time. A 
larger planform allowed the airspeed to be slowed down to 
lOmph — well below the airspeed of any human-powered aircraft 
that had been flying at the time. The highly flexible aircraft 
then had a problem during turns. As a conventional-type 
aileron was deflected in order to generate higher lift on one 
wing, the wing would just twist. The Gossamer team was unable 
to generate sufficient roll moment to turn, so they used a 
canard wing that could be tilted with respect to the aircraft 
longitudinal axis to generate a yaw moment. The yaw motion 
generated an airspeed differential on the two wings which in 
turned rolled the aircraft in the direction of the yaw. With 
the introduction of roll-yaw aerodynamic coupling for turns 
and the very low airspeed to reduce the power required, they 
were easily able to win the first Kremer Prize. [Ref. 2: 
Chap . 4 ] 

In 1979, the same team won a 100,000-pound prize offered 
by Kremer for flying across the English Channel. In doing so 
the team also increased the distance record for human- powered 
aircraft to 21 miles . [Ref . 1 : p.l41] 

Perhaps the most notable achievement in human-powered 
flight to date has been a venture called the Daedalus 
Project. A team originating from MIT built an aircraft to re- 
create the mythical flight by Daedalus from Crete to an island 
72 miles away. The team took several years and spent nearly a 
million dollars, used the highest technological materials and 
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methods, and created an aircraft with a wingspan larger than 
most airliners but weighing only 68 pounds. In the process of 
achieving their goal, they built a prototype airplane called 
the Light Eagle. The Light Eagle was used to conduct many 
flight tests at Edwards AFB, and set many records in the 
process, including extending the distance record to over 37 
miles . [Ref . 4 ] 

2 . Rotary Wing 

The effort to build a human-powered helicopter has not 
been as successful as the fixed-wing efforts. Although many 
have been built in the U.S., U.K., Germany and Japan, the only 
helicopter to achieve flight has been an aircraft called the 
Da Vinci III. The Da Vinci III is a single-piloted, two- 
bladed, single-main-rotor, tip-driven helicopter v/ith a 100-ft 
radius. Inspired by the Igor I. Sikorsky Human-powered 
Helicopter Competition (see next section) , the Da Vinci 
finally achieved the first human-powered hover in Dec, 1989. 
Built by engineering students at California Polytechnic 
University, San Luis Obispo, it represented the third aircraft 
they have built in a program that started in 1981. [Ref. 3: 
p.30] 

B, IGOR I. SIKORSKY HUMAN-POWERED HELICOPTER COMPETITION 

In 1980 the American Helicopter Society offered a prize of 
$10,000 to the first human-powered helicopter and established 
a set of rules to govern the competition. As of May 1991, the 
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prize money stood at $20,000. The basic requirements of the 
Igor I. Sikorsky Award are that: 

• The helicopter must hover for one minute. 

• The helicopter must momentarily achieve a height of three 
meters . 

• The helicopter must remain within a square that is ten 
meters on each side. 

• As many pilots as desired may be used. 

• No forms of energy storage may be used. 

• The pilot (s) must not rotate. 

A complete copy of the competition rules is included as 
Appendix C. 

C. POTENTIAL USES FOR ULTRA-LOW-POWERED AIRCRAFT 

Before discussion of the aircraft design, a quick look at 
some of the practical applications of ultra-low-powered flight 
technology is given. This section is meant to show the reader 
that this project is not merely a sensational attempt to earn 
a spot in the history books, but that there are serious 
benefits to be realized from the project. Benefits as a 
research vehicle and test aircraft, in addition to the 
research subjects necessary to complete the project, are 
presented in Chapter VI . 

Aircraft which require very little power include very long 
endurance aircraft. In this respect, human-powered aircraft 
technology would be suitable for reconnaissance, surveillance. 
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and search aircraft; much in the same vein that lighter-than- 
air aircraft are under consideration for the same missions. 
Very high altitude aircraft also operate in the low Reynolds 
number flight regime, despite having a relatively high Mach 
number . 

A practical and safe vertical takeoff and landing 
Remotely Piloted Vehicle (RPV) design is needed for shipboard 
application. Use of this ultra lov; powered technology would 
allow a large payload and have tremendous endurance. It would 
also have the advantage of being fabricated with inexpensive 
materials, rendering the aircraft expendable. The slow 
rotation of the blades make for a much safer vehicle, 
especially in the cramped shipboard application. 

Another possible by-product might be an aircrew escape 
system. If a parafoil could be made to have a lift-to-drag 
ratio of 30, a pilot ejecting at 12,000 feet could glide 60 
miles to a safe area. 

Although a helicopter powered by one person will not 
specifically have any direct application to aviation in 
general, the technology derived from a project such as this 
can be used to develop future aviation-related projects. 
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II, DESIGN BACKGROUND 



A. POWER AVAILABLE 

1 . Pilot Position 

Most non-flight-vehicle related human-powered references 
and studies refer to a "rider" as the person who controls and 
provides the power to propel a human-powered vehicle. Since 
our vehicle is a helicopter, the operator for this aircraft 
will hereafter be referred to as the "pilot". 

Human-powered vehicles in general have the riders in one 
of three positions: upright, prone recumbent (stomach down, 
head forward) , and supine recumbent (stomach up, head to the 
rear) , The upright position has an advantage by being the 
most familiar, as it is the position for a conventional 
bicycle. Studies have shown that the recumbent position 
delivers more power, but has the disadvantage of requiring 
time to adapt, A rider requires approximately a one-month 
adaption period to become fully accustomed to a novel 
bicycle , [Ref , 5 : p,30] 

The recumbent position also has the advantage of being the 
most compact with respect to the vertical axis. This will be 
important in malcing the aircraft as low as possible. By 
)ceeping the Center of Gravity low, the aircraft will be less 
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prone to rollover. Most importantly, it will keep the blades 
as low as possible to take maximum advantage of ground effect. 

The supine recumbent position represents the most 
comfortable and practical of the two supine positions. In the 
supine recumbent position, the body is doubled over more than 
the prone recumbent position with the weight of the head 
supported by the spine. Hence, it is a more natural and 
relaxed position. The support necessary for the supine 
recumbent position is less complicated, easier to design and 
build, and will be lighter than the support for the prone 
recumbent position. As such the supine recumbent position 
(laying down, feet forward) will be the position of choice for 
this design. 

2 . Past Studies 

There have been exhaustive studies on human power output, 
studying everything from the various physical dimensions to 
nutrition studies to body size and composition. In performing 
any physiological study there are literally an infinite number 
of variables involved, and it becomes a study in minimizing 
the impact of the uncontrollable variables with respect to the 
variables being measured. As a result, there is a large amount 
of data scatter and even conflicting results. Thus, the best 
that can usually be gleaned from the studies is a good "feel" 
for trends and the magnitude of effects of the variables 
associated with human power output. 
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A review of past human power output studies is necessary 
to estimate power levels and to design the position and 
associated equipment for maximum power output. Conventional 
bicycle cranks, pedals and chainwheels provide a proven system 
which is reliable and simple and will be used for this design. 
Although studies have shown that up to 18% more power can be 
generated by combined hand cranking and pedalling [Ref. 5: 
p.44], that combination will be impractical for this design. 
The pilot will be required to use his hands to control the 
aircraft, and the added power will be negated by the added 
weight of the necessary mechanism. 

To determine the necessary gearing for the drive train and 
transmission, the optimum pedal speed must be determined 
first. The following pedalling parameters that can be varied 
to achieve the highest power for one minute are to be 
considered : 

• Pedalling RPM 

• Saddle height 

• Crank length 

• Chainwheel ellipticity 

It has been shown that although the most efficient 
pedalling rate is approximately 60 rpm, the most power can be 
put out at the highest rpm attainable . [Ref . 5 : p.49] The reason 
for this is that muscle cells cannot exert a continous force 
but contract in extremely rapid spasms much like a piston 
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"firing". Thus, the individual cells can exert a 
proportionately larger force when the muscle bundle is not 
required to produce a long slov; contraction but a quick 
powerful one. 

During bicycle races, riders will often exceed 200 rpm 
during sprints. In achieving such high pedalling rpms there 
is often a great deal of relative motion betv/een the rider and 
the cycle which would render such high rpms impractical for a 
design of this nature. Figure 1 shows the relationship between 
power, efficiency and torque for pedalling rpm. In achieving 
higher pedalling rpms, pedalling technique becomes the 
overriding factor in determining the maximum pov/er output. 




Figure 1. VARIATION OF POWER, EFFICIENCY, AND TORQUE 
PRODUCED BY A CYCLIST WITH CADENCE (CRANK RPM). [REF. 6: 
P.IO] 



Recent ergometer tests on the Italian National Sprinting 
team have shown that for short durations (five to ten seconds) 
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maximum power was achieved at about 120 rpm. Over the course 
of several minutes, 60 to 80 rpm gave the maximum 
power . [Ref . 7 : p.7] 

Thus, there is no single, ideal rpm that will give the 
highest power over one minute, as the exact relation between 
efficiency and speed cannot be explicitly determined. However, 
as an estimate based on the previously mentioned studies and 
the racing experience of the author, the aircraft should be 
geared for 90 rpm. The use of standard bicycling components 
will allow the pedals, chainwheel and cranks to be easily 
changed to suit individual pilot technique and experience. 
Additionally, the use of easily- interchangeable standard 
components will allow simple adjustment of the main-rotor- 
drive-system gear ratio. 

A saddle height 1.8 to 2.0 inches above the height where 
the heel can just touch the pedal at the bottom of the stroke 
has been shown to give the most power . [Ref . 5 : p.53] This will 
correspond to a slightly longer seatback-to-crank- hub length, 
and will need to be taken into account when testing for pilots 
and adjusting the aircraft. 

Crank length has not been extensively tested since most 
human-powered studies are for conventionally-pedalled bicycles 
and the crank length is usually limited by bicycle/ground 
clearance. Consequently, the range of crank- lengths available 
for conventional bicycles falls into a very narrow range due 
to safety considerations. Crank length is typically 165-170mm 
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for conventional bicycles. Studies seem to indicate that more 
power can be achieved for limited periods of time with cranks 
five to ten percent longer, but the results are not 
conclusive . [Ref . 5 : p.53] Pilot technique and familiarity will 
probably necessitate the use of standard lengths, although 
tests need to be conducted to find the optimum length for the 
particular situation. 

The use of elliptical chainwheels is a controversial 
subject. Studies have shown that a high degree of ovality (on 
the order of 1.2:1 and greater) definitely decreases 
performance. However, moderately elliptical chainwheels of the 
order of 1.1:1 seem to often improve performance but never 
diminish performance. [Ref. 5: p 56] 

3. Power Versus Time 

Figure 2 presents human power output for various times. 
The data scatter demonstrates the difficulty in precisely 
defining the variables and parameters necessary for a 
physiological application such as this. As such, it becomes 
necessary to use one's best judgement and intuition in 
applying these data to the aircraft design. 

There are a number of top-quality bicycle racers locally. 
The HPH team will have access to "well-trained and highly- 
conditioned" athletes, so it would be reasonable to expect up 
to 1.5 hp for several seconds from such a pilot. Therefore, 
1.5 hp will be used as the upper limit of power for the 3- 
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Figure 2. HUMAN POWER OUTPUT VERSUS TIME [REF. 2: P.4-2] 



meter hover condition, which corresponds to the condition with 
the highest power requirement . 

4. Miner's Rule Applied to Human Power Levels 

Studies in human power output all hold the power constant 
until exhaustion is reached. In this application, two power 
levels will be needed over the course of one minute: one at 
the 3 meter height which will be required for approximately 5 
seconds, and one very deep in ground effect. Thus, a method 
determining the power available at two levels over the course 
of one minute is needed. 

Miner's rule is a simple method often used to calculate 
cumulative fatigue damage for mechanical elements. The rule is 
applied to a component which undergoes non-constant cyclic 
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stress where the number of cycles is known at each different 
stress level. Miner's rule calculates the life of an component 
based on the percentage of the life used at each stress level. 
When the sum of the percentages at each stress level reaches 
100%, the component has reached its fatigue life. 
Mathematically, Miner's rule is stated as: 





+ . . , 



= 1 



( 1 ) 



where: n^ = the number of cycles at stress x 

= the number of cycles to to the fatigue life 
at stress level x 

A typical S-N curve is presented in Figure 3. The 
horizontal axis represents the number of cycles and is often 
a logarithmic scale, and the vertical axis is the stress 
level. The resemblance of this curve to a human power versus 
time curve can be seen by comparing this curve to that in 
Figure 2. 

In applying Miner' s Rule to human power, the power level 
is substituted for stress level and time is substituted for 
the number of cycles. The pilot will be required to put out a 
higher power level for approximately 5 seconds, and a lower 
power level for 55 seconds. The equation becomes: 



5 55 

— — + = 1 
rp, TP2 

where: Tp^ = the time at power level 1 



( 2 ) 



13 




Figure 3. TYPICAL STRUCTURAL COMPONENT S-N CURVE [FIEF. 8: 
P.2-6] 

Tp 2 = the time at power level 2 
The analogy appears • justified upon examining the 
physiological mechanism behind working the human muscle to 
exhaustion. The energy created by a muscle is created by the 
breakdown of ATP (adrenosine triphosphate) within the muscle 
cells. The cell uses glycogen to break down the ATP, and the 
glycogen is created by oxidizing glucose and fatty acids with 
oxygen supplied from the blood. There is a small amount of 
glycogen stored within the muscle tissue for immediate use, 
but extended exercise requires a steady supply of glucose or 
fat from the blood system. 

Thus, there are two primary modes in which the muscle 
functions. The first is the "aerobic" mode where the energy 
demanded by the muscle can be offset by oxygen from the blood. 
In the "anaerobic" mode, the muscle can provide limited power 
by relying on stored energy. The time a muscle can continue to 
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function anaerobically depends on the power output demanded 
and lasts anywhere from 30 seconds to several minutes. 

The shape of the human power versus time curve is governed 
by these two modes of performance. For short periods the 
muscle functions on stored reserves, and the power is governed 
by maximum strength. As the period of time increases, the 
muscle increasingly relies on the blood to supply oxygen to 
burn stored glycogen and the power decreases to a point where 
the blood can supply both the oxygen and the oxidants 
necessary to sustain the performance for several hours. This 
sustained power level then equates to the endurance limit for 
mechanical components . 

The muscle reaches exhaustion and ceases to function when 
the stored energy supplies are depleted, or are used up faster 
then the blood can replenish them. Thus, Miner's Rule would 
apply, where the "life" of the muscles is that point where the 
stored glycogen is depleted or the rate that stored and blood- 
supplied energy is exceeded. Just as a mechanical component 
fails at the fatigue life, when the muscle reaches exhaustion 
it ceases to function as well. 

5 . Ergometer 

An ergometer is an apparatus designed to measure the 
amount of work done by a human. Construction of an ergometer 
was begun, but not completed. A photograph of the ergometer is 
included in Appendix D. The purpose of the ergometer is 
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manifold. Anthropometric data are needed to determine the 
dimensions for the pilot support structure, called the 
"undercarriage." Pilot power measurements will be the most 
valuable data to be determined. In concert with power 
measurements is testing the various parameters involved with 
pedal power e.g., crank length, elliptic chainwheels, pedal 
speed, etc. The ergometer will be instrumental in aiding to 
select the pilot. Once selected, the pilot will need a one- 
month adjustment period to be able to achieve maximum power in 
the recumbent pedalling position. Finally, once adjusted, the 
pilot will need to be trained to peak performance. 

The ergometer uses a bicycle-type wheel for inertia and a 
conventional brake caliper for resistance. Wheel speed is 
sensed using a magnetic pickoff next to a toothed wheel. 
Resistance force is measured by a force transducer connected 
to the brake caliper. Force transducer information is 
presented in Appendix E. Inputs are to a data card designed 
for an IBM compatible personal computer. The instrumentation 
has been acquired but not installed. When complete, the 
computer will be able to give a real-time display of power 
versus time and provide a hard copy of the data results. 

B. LESSONS LEARNED FROM PAST HUMAN-POWERED AIRCRAFT 

In reviewing past projects involving human-powered 
aircraft, there are many lessons to be learned regarding the 
operation and logistics of a program such as this. The lessons 
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regarding design and construction are discussed during the HPH 
design portion referring to that particular problem. 

The project that most resembles this program in terms of 
scale and degree of sophistication is the Daedalus project. In 
reviewing that project and that for the Gossamer Albatross, it 
was surprising that members of both teams felt that the most 
difficult obstacle was the travel and transportation of the 
aircraft, crew and support equipment [Ref. 4: p.l20]. 

Both the Gossamer Albatross and the Daedalus projects 
were required to travel to Europe, which consumed the largest 
portion of their budget. Thus, in comparing the expense and 
organizational difficulties of a project such as this HPH to 
these two projects, an HPH will be able to be flown outdoors 
locally and will not be burdened with the requirement to 
travel . 

Many human-powered aircraft builders were able to get 
their construction materials from manufacturers in return for 
some advertising in the form of decals on the aircraft. In a 
project as significant as this it is anticipated that there 
would be little problem in obtaining sponsorship from the 
various companies. In addition, a major helicopter 
manufacturer allowed Cal Poly to use their filament winding 
facilities to build their main spar. Although conflict-of- 
interest rules may prevent this type of sponsorship, it may 
provide for a source of materials. 
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When Dr. MacCready built his Gossamer series aircraft, his 
design was particularly easy to repair. He deliberately 
designed a degree of crashworthiness into his aircraft during 
the development stage. This allowed crash damage or design 
modifications to be easily incorporated and minimized "down" 
time . 

Every successful human-powered aircraft had at least one 
prototype. There were two Gossamer Condors, a prototype 
Daedalus aircraft, and three Da Vincis. There is so much to 
be learned from the construction of the aircraft, that a 
prototype is crucial to a successful project. A detailed 
analysis of construction techniques will allow the team to 
avoid the construction pitfalls of previous aircraft. 

The Daedalus team found that an aircraft can be engineered 
as carefully as possible, but still not perform nearly to the 
degree anticipated. The Daedalus prototype, called the Light 
Eagle, was designed to break the Gossamer Albatross distance 
record of 21 miles. But when it first flew, it could barely 
stay aloft for three minutes. ([Ref. 4: p.l47] The prototype 
required a 12-foot extension on the wingtips and extensive 
minor adjustments in equipment and technique before it finally 
was able to be flown over 37 miles. [Ref. 4: p.l72] It can be 
seen that construction of a human-powered aircraft represents 
design in an uncertain flight regime that is so difficult that 
even this team of experienced human-powered aircraft designers 
(that had previously won a Kremer Prize!) was still so far off 
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of their performance goals that their prototype had to be 
modified with a 12-foot wingtip extension. Designing an HPH 
requires dealing with infinitely more complicated aerodynamic 
phenomena than a fixed-wing aircraft and will most certainly 
require a prototype. 
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III. AIRCRAFT DESIGN 



A, HUMAN-POWERED AIRCRAFT DESIGN THEORY 

The fundamental design criterion for human powered 
aircraft is the limited power output. The power required must 
not exceed the power available for the HPH to be able to 
hover. HPH design becomes an exercise in lowering the power 
required to hover. 

Basic momentum theory, which assumes that an infinite 
number of blades accelerate an inviscid column of air through 
the rotor disk, shows the power required to hover to be: 

^^ 3/2 

Preg = (3) 

■/2 

Where: Pj.eq = Power Required 

•^dlsk = Area of the rotor disk 
W = weight of the helicopter 
p = density of air 

It can be seen that the basic concept is to reduce the 
weight and increase the effective disk area in order to reduce 
Pj-eq. Even though the HPH will not be an actuator disk, the 
underlying principles still apply. 

Interestingly, even though the power required is not 
linearly proportional to the total weight, Drela has shown 
that the power required from the pilot is proportional to the 
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pilot's weight [Ref. 8: p.96]. This is applicable where the 
weight of the helicopter is roughly one-half of the weight of 
the pilot. As such, within a reasonable weight range, the 
determining factor for pilot selection becomes the specific 
power (power per unit weight) the pilot is able to 
generate . 

Two parameters used to relate helicopter performance are 
power loading (P.L.) and disk loading (D.L.) . Disk loading is 
comparable to wing loading for fixed wing aircraft. The 
equations for D.L. and P.L. are: 



D.L. 



W 

n 



P.L. 



W 

P 



( 4 ) 



A typical plot of D.L. versus P.L. for conventional 
helicopters is presented in Figure 4. For this HPH, the 
approximate weight will be 250 lb. and a pilot will need to 
put out approximately one horsepower, making the power loading 
roughly 250 Ib/hp. It can be seen that the D.L. will need to 
be extremely low to be able to fly! With our pre-supposed 
rotor radius of 36 feet, the disk loading is 0.061 Ibs/sq ft. 

It was this concept of lowering the wing loading and 
getting the power loading very high that made the Gossamer 
series aircraft such a revolutionary design. By slowing the 
aircraft down and increasing the planform area, the Gossamer 
team was able to increase the power loading and make an 
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EFFECT OF DISC LOADING k POWER LOADING 




Figure 4. PLOT OF A TYPICAL DISK LOADING VERSUS POWER 
LOADING FOR A CONVENTIONAL HELICOPTER. 

aircraft that required much less effort to fly. So it follows 
that for this design, the planform area and disk area will be 
increased as much as are practical, and the power loading will 
be increased to the point where the power required to hover 
will be less than one "humanpov/er ! " 

B. ROTOR CONFIGURATION 

The first consideration in designing a helicopter is the 
type of rotor configuration to use. The requirement for a tail 
rotor is an undesirable characteristic, as it represents a 
substantial amount of energy and weight that is not used for 
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lift. There are three basic configurations that avoid this 
requirement: co-axial, tandem and tip-driven. 

Grohsmeyer, et al., [Ref. 9] evaluated the three designs 
with respect to stability and control, weight, and efficiency 
and concluded that a co-axial configuration represented the 
optimum design. 

The co-axial design is superior in all respects except for 
the higher induced drag on the lower set of blades. It will be 
shown that that this induced drag is small, but noticeable. 
The co-axial design then becomes the choice for this design. 

C. AIRFOIL SELECTION 

1. Preliminary Considerations 

The decision as to which airfoil to use is highly 
influential to the design of this HPH. In determinimg the 
airfoil to use for the rotor blades, there were two choices: 
design our own or use one that has already been designed and 
tested. Both avenues were simultaneously explored, and the 
results explained in the section below. 

2. Airfoil Selection Criteria 

In selecting an airfoil for a human-powered aircraft there 
are four main criteria. All of the criteria except one are 
driven by the wing construction techniques which are explained 
in detail in Chapter V. 

The criterion not driven by rotor blade construction 
techniques is the most obvious — high lift-to-drag ratio. 
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specifically, the ideal HPH airfoil has a high Cl^^^/Cd, 
referred to as the "power factor." [Ref. 8: p.l07] 

Since the rotor blade is constructed by stretching Mylar 
over ribs, there cannot be any highly concave surfaces. As the 
mylar is tensioned it would tend to pull away from the rib. 
Between ribs the Mylar would not keep its shape but would 
instead flatten out. 

The third criterion is that the airfoil section must be 
thick enough to contain the blade spar. Since the lightest 
rotor blade construction uses a main spar for blade rigidity, 
there must be enough thickness to allow for attaching the ribs 
to the spar without loosing the stiffness and load carrying 
capability of the rib. 

The fourth criterion is to have an airfoil that is not 
sensitive to small deviations in shape. The aircraft on the 
whole is quite flexible compared to conventional aircraft. In 
addition, the mylar skin of the rotor blades will distort 
under the dynamic pressure of flight. 

There are other criteria in choosing an airfoil section. 
As in most airfoils, it is not desirable, to have a sudden 
falloff in lift at stall and it is undesirable to have an 
airfoil that is sensitive to surface imperfections. The shape 
must be easy to construct within the constraints of a human- 
powered aircraft. There should not be an excess of volume 
within the airfoil section as any excess volume adds 
unecessary weight to the aircraft. An airfoil with as small a 
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pitching moment as possible is desireable, as the main spar 
can be designed lighter due to reduced torsion load 
requirements . 

3. Low Reynolds Number Airfoil Design Theory 
a. Reynolds Number Defined 

Reynolds number (Re) is a dimensionless coefficient 
that represents the ratio of inertial forces to viscous 
forces. It is based on a "characteristic" length, which is 
usually the chord; but can be any length which is 
characteristic of the flow, such as the boundary layer 
thickness or momentum thickness. For purposes of this paper, 
the term "Reynolds number" will imply the Reynolds number 
based on the chord. At standard sea level conditions, the 
chord Re is: 

Re = 6,410 xVxC 

where velocity (V) and chord (C) are in feet per second and 
feet, respectively. 

The Re of a soaring condor and albatross are on the 
order of 250,000 and 300,000 respectively. [Ref. 10: p.204] An 
A-6E Intruder wing during a low-level flight might have a Re 
on the order of 50 million. The Re for a helicopter such as an 
HPH will go from zero at the center to around one million at 
the blade tips. 
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b. Drag 

Drag on a two-dimensional airfoil has two components: 
pressure drag and skin friction drag. Pressure drag is caused 
by a low pressure on an aft facing surface with a resultant 
component of force acting in the direction of the airflow. 
Skin friction drag is a result of the viscous forces acting 
parallel to the surface resisting motion through the medium. 

The flow over an airfoil will initially be laminar and 
then transition to turbulent flow. However, laminar flow is 
particularly prone to separation. Laminar flow has the lower 
drag and is therefore the flow of choice for high lift-to-drag 
airfoils. However, separated-f low drag is orders of magnitude 
greater than turbulent-flow drag. Laminar flow is extremely 
sensitive and takes only a very slight surface disturbance to 
cause separation. 

Designing an airfoil becomes a compromise in laminar 
and turbulent flow. The airfoil should be designed so that it 
has as much laminar flow as possible to keep drag as low as 
possible, but should not be designed so the flow is just to 
the point that any minor disturbance or imperfection will 
cause separation. The airfoil can be designed with as much 
laminar flow as practicably possible and then transitioned to 
turbulent flow before it separates. Controlling transition 
becomes a major part of airfoil design. Transition can be 
initiated by controlling the pressure distribution or may be 
artificially tripped by a mechanical device. 
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c. Separation Bubble 

Low Re airfoil flow is often characterized by the 
formation of a separation bubble. Under certain conditions the 
laminar flow will separate, then transition to turbulent flow 
and reattach — forming a small "bubble." It has been shown that 
there is a range of Reynolds numbers between 75, 000 and 
400,000 where the separation bubble dominates the flow and 
determines the stall behavior [Ref. 11: p.l08]. 

If the airfoil geometry is designed carefully, the 
separation bubble can be used to initiate transition to 
turbulent flow. If the bubble is kept small the overall drag 
can be kept lower than the drag resulting from the use of a 
mechanical transition device . [Ref . 12 : p.724] 

Minimizing separation-induced pressure drag is 
generally done by minimizing the convex curvature of the upper 
surface of the airfoil in the transition zone. This results in 
a very round upper surface . [Ref . 1 0 : p.205] 

d. Stall Hysteresis 

Low Reynolds number airfoils designed for high lift 
and low drag also characteristically exhibit stall hysteresis. 
Stall hysteresis is a phenomenon whereby stall inception and 
stall recovery do not occur at the same angle of attack. This 
presents a significant problem under stall conditions. If an 
airfoil stalls, the angle of attack required to re-attach flow 
to the upper surface may need to be as much as 10 degrees 
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below that at which the airfoil initially stalled . [Ref . 1 1 ; 
p.107] 

Stall hysteresis may become relevant with the lower 
set of rotor blades for a co-axial configuration. The lower 
rotor blades experience turbulent airflow regimes as a blade 
passes over top of it, and if this causes separation there may 
be some stall hysteresis present. 

e. Wind Tunnel Testing 

There has been relatively little wind tunnel research 
at Reynolds numbers below about 500,000. This has been 
primarily a result of relatively little demand for testing 
within this aerodynamic regime. However, as aerodynamic 
horizons expand, research in this little-explored regime is 
increasing. Consequently, the subject is becoming better 
understood as the need to know the aerodynamic theory 
increases . 

At Reynolds numbers below 300,000, the air flow 
becomes critically sensitive and difficult to control. 
Airfoils become extremely prone to separation, and 
reattachment becomes a function of airfoil geometry and the 
disturbance environment . [Ref . 13 : p.763] The disturbance 
environment in the test section of a low-airspeed wind tunnel 
is usually determined by freestream turbulence, acoustic 
phenomena, and mechanical vibrations [Ref. 13: p.764]. 
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Boundary layers are prone to transition or separation 
by disturbances with magnitudes that are on the order of the 
boundary layer thickness [Ref. 14: p. 470] --hence the 
significance of the environmental disturbances within the wind 
tunnel test section. The wave length of the acoustic noise in 
the wind tunnel is roughly on the order of the boundary layer 
thickness, and the acoustic noise, mechanical vibrations and 
turbulence combine to affect the overall aerodynamic 
characteristics . 

The difficulty in wind tunnel testing comes in 
separating and/or eliminating the effects of the three 
disturbances on the performance characteristics of any given 
airfoil. The ability to precisely perform mearsurements and 
the procedures used have substantial effects on the results 
[Ref .13: p.770] . 

f. Turbulence 

As reviewed above, the effects of small-scale 
environmental disturbances on airfoil performance are 
significant. It is important to ascertain the effects of 
larger-scale turbulence (on the order of the magnitude of one 
chord length) . The lower set of rotor blades in a co-axial 
design operate in the turbulent downwash from the upper 
rotors. It was desired to be known if the larger-scale 
turbulence would cause premature separation on the lower set 
of rotors. For Reynolds numbers on the order of 500,000, "In 
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order for freestream turbulence to affect turbulent boundary- 
layer behavior, the length scale must be on the order of the 
boundary-layer thickness." [Ref. 14: p.470] Hence, there is not 
any detrimental effects of larger-scale on turbulent boundary- 
layer thickness due to upper rotor turbulence on the lower 
rotors. In fact. Reference 15 shows that passage of a highly- 
turbulent pulse over an airfoil at a Reynolds number of 
500,000 has a momentary stabilizing effect on the transitional 
and turbulent boundary layers. The boundary layer is 
momentarily laminarized before returning to its previous 
transitional or turbulent state. 

g. Summary. 

Given the sensitivity of the boundary layer to the 
disturbance environment, low Reynolds number wind tunnel 
results become more of a means of comparing airfoils rather 
than a means of obtaining extremely accurate performance data. 
As a result, computational analysis is increasingly replacing 
wind tunnel testing for low Reynolds number airfoils. The 
airfoils for both the Gossamer aircraft and the Daedalus 
aircraft were designed using computational ’ methods, and none 
was ever tested in a wind tunnel before the aircraft flew. 

The Daedalus team verified airfoil performance using flow 
visualization tests on the wing in flight. A mixture of 
kerosene and black powder dye was coated on the wing. As the 
kerosene evaporated, the powder was left behind. The laminar 



30 



flow left a thick, smooth residue and the turbulent flow left 
a thin, streaked residue. They were able to see the transition 
point and compare it to analytical data. Since the transition 
point matched the computed position, it was assumed that the 
actual airfoil performance would match the computed 
performance as well . [Ref . 12 : p.731] 

4 . Final Airfoil Selection 

Upon reviewing low Reynolds number airfoil design, the 
author determined that the task of designing airfoils for an 
HPH would be far too large of a project for a single person to 
accomplish within the time constraints of this project. The 
NFS didn't have any on-line programs for airfoil design, and 
writing one specifically for the purpose of this project, or 
obtaining a program from NASA would have been prohibitive. 
Additionally, any new design program woud have to be validated 
with wind tunnel test data. As a result, it was decided to use 
already designed and proven airfoils. 

The next decision to be made was whether the rotor blade 
would be aerodynamically tailored or of constant airfoil. An 
aerodynamically tailored rotor blade would have different 
airfoils as a function of r/R, with each section having an 
airfoil optimized for that Reynolds number. In addition to 
greatly complicating the rotor blade construction, aerodynamic 
tailoring would have the added requirement to be able to blend 
one airfoil into another. Additionally, aerodynamic tailoring 
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would require a tremendous amount of airfoil data at a 
multitude of Reynolds numbers. Unfortunately, there is just 
not enough data to be able to compare all of the airfoils at 
all of the Reynolds numbers available. With the extremely 
diverse variety of low Reynolds airfoil shapes, blending one 
airfoil shape into the next would result in unknown airfoil 
shapes with correspondingly uncertain aerodynamic performance. 
Consequently, aerodynamic tailoring would only be practical if 
a "family” of airfoils could be found. With a family of 
airfoils, the same basic design is modified slightly to 
optimize performance at different Reynolds numbers. It then 
becomes reasonable to interpolate between designs to 
specifically account for the change in Reynolds number along 
each blade station. 

Thus began a thorough search for low Reynolds number 
airfoils and airfoil data. Other than for human-powered 
aircraft, low Reynolds number airfoils have been primarily 
designed for sailplanes and wind turbines. Ref. 16 is a 
compendium of airfoils with performance data at Reynolds 
numbers of 300,000 and below, and was targeted for remotely- 
controlled glider enthusiasts. Reference 17 is a compendium of 
low Reynolds number airfoils and performance data assembled 
for the Department of Energy for wind turbine use. A few of 
the potential airfoil candidates are discussed below. 

The most obvious source of an airfoil would be from past 
human-powered aircraft. The Gossamer series aircraft used an 
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airfoil specially designed for operation at a Reynolds number 
of 600,000 by Dr. Peter Lissaman. Called the Lissaman 7769 it 
was also used by the Da Vinci and is shown below: 




Figure 5. LISSAMAN 7769 AIRFOIL (REF. 18] 

The Daedalus aircraft used a family of three airfoils 
designed by Prof. Mark Drela: the DAI 1135, DAI 1336, and DAI 
1238 which were optimized for Reynolds numbers of 500,000, 
375,000, and 250,000, respectively. The airfoil coordinates 
are proprietary and not published in this report, but are 
available for use on the project [Ref. 19]. The DAI 1135 has a 
maximum power factor of 148 at 8 degrees angle of attack with 
a pitching moment coefficient of -0.12 [Ref. 12: p.730]. 



Figure 6. DAI 1135 AIRFOIL [REF. 20] 

The Gu-25 was designed for high lift and low drag by T. 
Nonweiler for operation at a Reynolds number of 500,000. It 
has a maximum power factor of 132. With a zero pitching moment 
in the "working range, " the airfoil has some positive 
characteristics. But it also exhibits some negative 
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characteristics — primarily that the airfoil separation drag is 
very sensitive to surface imperfections. [Ref. 21: p.l6] The 
Gu-25 is depicted in Figure 7 below: 




Figure 7. Gu-25-5(ll)8 AIRFOIL [REF. 17: P.A-348] 

A series of airfoils designed in Germany by F.X. Wortmann 
for high lift exhibit good lift-to-drag characteristics, but 
the highly reflexed shape leads to difficulty in tensioning 
and attaching the skin to the concave surfaces. The design 
also results in a larger pitching moment. One such airfoil, 
the FX63-137, is depicted in Figure 8. 




Figure 8. WORTMANN FX63-137 AIRFOIL [REF. 17: P.A-102] 

Similar to the FX63-137, the FX76-140MP was designed 
specifically for human-powered applications by Wortmann in 
1976. The DAI series have a higher power factor than the FX63- 
137 and a similar power factor to the FX76-140, but the DAI 
series has a lower pitching moment than the Wortmann airfoils. 
[Ref. 8: p.106] 
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Selecting the optimum airfoil was not a clear cut 
procedure. Power factor data vjere not available for all 
airfoils at the same Reynolds number, and some of the merits 
of the particular airfoils had to be accounted for somewhat 
subjectively. The airfoils with the best overall 
characteristics appears to be the DAI series airfoils. They 
have the highest power factor (Cl^'^^/Cd) , yet have a low 
pitching moment. Being specifically designed for human-powered 
aircraft, they are not sensitive to surface imperfections, and 
have a satisfactory geometric shape for construction purposes. 
They also afford the opportunity to use the family of three 
airfoils if necessary. Consequently, the DAI airfoils will be 
used for the HPH. 

D . PLANFORM 

1. Preliminary considerations 

The overall goal in designing the rotor blade planform was 
to optimize the design for ease of construction and most 
efficient lift generation. The ideal rotor blade would 
incorporate twist and taper; but the easiest rotor blade to 
construct is one with a constant chord. In order to evaluate 
the trade-offs between creating the most efficient rotor blade 
and one that was easy to construct, it was first necessary to 
determine the variable parameters for rotor blade design. The 
advantages of each parameter were then balanced against the 
disadvantages arising from construction requirements. 
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2 . Rotor Diameter 



Many human-powered aircraft have had rotor diameters or 
wing spans determined not by some critical design parameter 
but by some arbitrary physical constraint such as the width of 
the hangar it was stored in, or the size of the gym where it 
was flown! So it follows with this design. The rotor blade 
length (rotor radius) was initially held fixed at 36 feet, 
giving the rotor an overall diameter of 72 feet. Arrived at 
heurist ically , this number represented a compromise between 
length, construction and ease of finding a location for 
flight. Most importantly, it was approximately the size that 
Grohsmeyer, et al. concluded with as their design radius 
[Ref . 9] . 

The 36-foot radius represented a number which was known to 
be roughly optimum that could be held constant, while all of 
the other design parameters could be varied. After the design 
was completed, the performance for a 36-foot rotor radius was 
very reasonable, so the 36-foot radius was retained as the 
design radius. 

Holding the initial radius constant did not unreasonably 
constrain the design, as the rotor tips will be designed to be 
easily modified. It will be easy to add an extension on to the 
rotor blade if more planform area is needed, or to modify the 
tip shape. Obviously, it would be easy to shorten the rotor 
blade should it prove necessary. 
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3. Twist and Taper 

The ideal rotor blade for a hovering helicopter has 



uniform inflow over the rotor disk, with each section of the 
rotor blade operating at a constant angle of attack. In 
addition, profile losses will be minimized if the section is 
operating at the optimum angle of attack. [Ref. 22: p.99] . Hence 
the section will be designed to operate at the maximum power 
factor d) . In achieving the optimum angle of attack for 
a hovering helicopter rotor, blade twist and taper (or a 
combination) may be used to optimize the blade. 

Ideal taper for a rotor blade assumes a uniform induced 
velocity and a constant blade pitch angle. Ideal taper for a 
four-bladed rotor is shown in Figure 9. The equation for ideal 
taper is 



c = 



^ dp 

r/R 



(5) 



where: c = chord 

c tip = tip chord 

r = local radius 
R = rotor radius 
Source : [Ref . 22 : p.46] 

Ideal twist for a conventional hovering helicopter is 



0 = a + ^ (6) 

QR 

where: 0 = blade pitch angle 

a = local angle of attack 
V = induced velocity 
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Figure 9. ROTOR WITH IDEAL TAPER [REF. 23: P.47] 

Q. = rotor speed 
r = local rotor radius 
Source: [Ref. 17: p.46] 

Ideal twist also assumes uniform induced velocity. A graph 
of ideal twist for constant chord blades and for ideally 
tapered blades is presented in Figure 10. 

To get a feel for the magnitude of the effects of taper 
and twist, Table 1 is presented for a, rotor of solidity equal 
to 0.040 for two torque coefficients (Cq) . 

The above results are valid for a rotor solidity of 0.042 
to 0.060. It is noteworthy that a linearly twisted and tapered 
blade is only 2 percent less efficient than an optimum rotor. 
The optimum rotor is based upon a uniform, induced velocity, 
and an ideal geometry which is impractical and unrealistic for 
a two-bladed rotor. The apparently small benefit from an 
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Figure 10. IDEAL TWIST FOR BLADES WITH COtlSTANT CHORD AND 
BLADES WITH IDEAL TAPER [REF. 23: P.471 

ideally tapered and twisted rotor is not an adequate tradeoff 
for a blade that will be significantly more complicated to 
construct . 

Table I. PERCENT INCREASE IN THRUST FROM UNiWiSTED AND 
UNTAPERED BLADE FOR Cq= 0. 00026 to 0.00044 [Ref. 16: p.97] 



Blade Twist 
(degrees) 


Blade Taper 
Ratio 


Thrust Increase 
(percent) 


0 


3 


0 


-8 


3 


5 


-12 


3 


5 


Ideal 


0{)t i mum 


7 



In considering the degree to which twist and taper will 
complicate the rotor blade construction, twist will have the 
most significant contribution toward complicating the 
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construction. In making a flat blade it will be easy to lay 
out the ribs and spar on a flat surface. Having twist will 
require a different pitch angle for each rib and make laying 
out, constructing and storing the blade difficult. Hence, the 
decision was made to investigate designing a blade with taper 
and no twist . 

It can be shown that different blade geometries can be 
modified to create the same induced velocity profile [Ref. 24: 
p.69] . Thus, taper and twist are interchangeable to create the 
same blade loading. Twist and planform are interrelated by 
inflow angle, rotor blade pitch angle and chord, and azimuth. 
Since this is a point-design for hover, the inflow will be 
polarly symmetric and there will not be any azimuthal 
dependency between twist and planform. 

It can be shown that little difference exists between a 
full linearly tapered rotor blade and a blade that is 
partially linearly tapered over the outboard half [Ref. 22: 
p.97]. Since the outboard sections of the blade contain the 
majority of lifting surface, this result makes intuitive 
sense. Therefore, it was decided to use a partially tapered 
rotor blade. 

It was also noted that if the taper were designed 
effectively, the Reynolds number could be held close over the 
outboard section. This represented a different approach to 
designing blades. A quick estimation of induced velocities 
revealed velocities on the order of 2 to 3 feet per second. 
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This would compare to induced velocities on the order of 35 
feet per second for a large conventional helicopter. A 
hovering conventional rotor has roughly an 8% to 12% increase 
in power-required due to an increase in induced drag as a 
result of nonuniform inflow [Ref .25: p.61] . However, with such 
low induced velocities it was assumed that the losses from a 
less-than-opt imum inflow distribution would be minimal. 
Tailoring the rotor blade local chord-Reynolds-number to 
optimize local airfoil performance might bring sufficient 
performance returns to offset the loss in efficiency from a 
non-ideal induced velocity profile. 

Designing the rotor blade so that the local Reynolds 
number remains nearly constant would allow use of one airfoil 
over the entire rotor blade and simplify construction. As the 
Daedalus airfoils represented the best overall airfoil 
available , it was desired to center the Reynolds number 
around one of those airfoils' design Reynolds number (250,000, 
375, 000, or 500, 000) . 

After considerable experimentation, the planform shown in 
Figure 11 was arrived at. The planform represents the geometry 
that gives the lowest power-required to generate 250 lb of 
thrust out-of-ground-effect (OGE) , and maintains the Reynolds 
number within 86,000 of 500,000 along the outer half of the 
blade. The Fortran program used to compute the hover 
performance is presented in Appendix F and will be referred to 
as the Performance Program. As the rotor blade design was 
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designed to performance criteria, further details into the 
rotor blade design are presented in Chapter IV. 
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Figure 11 . 
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ROTOR BLADE PLANFORM 



4 . Tip losses 

Three-dimensional loss effects at the blade tips are 
typically modelled using a tip loss factor "B" where the blade 
is assumed to generate lift out to the radial position B*R. 
Tip losses are caused by tvjo factors; spanwise flow around the 
tip of the blade and interaction between the blade tip and the 
vortex from the preceding blade. Thus, tip loss factors 
traditionally take two forms: as a function of the tip chord, 
and as a function of rotor geometry. [Ref. 26: p.69] 

Johnson [Ref. 25; p.59] offers several commonly used 

formulas. The first, by Prandtl is; 

B = 1 - (7) 



where: = rotor thrust coefficient 

b = is the number of rotor blades 
Two similar formulas by Wheatley and Sissingh respectively 



are : 



S = 1 



( 8 ) 



and, 



■ Cip 



2R 



B = 1 - (9) 
3R 

Tip loss is proportional to the strength of the trailing 
tip vortex. The tip vortex results from roll-up of the 
trailing vortex sheet into a tip vortex. The trailing vortices 
are proportional to the rate of change of bound circulation 
(dF/dr) [Ref. 25: p.76] . Since the bound circulation for a 
blade of a conventional helicopter is much higher than this 
HPH rotor blade (which is of comparable size) , and dF/dr is 
much smaller than for a conventional helicopter, it is 
expected that the tip losses will be smaller than might be 
calculated by any of the above means. In order to be 
conservative, the blade tip loss factor by Prandtl was used. 
It still has been proven to be an accurate tip loss factor, 
yet it gave the least amount of tip loss. 
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IV. PERFORMANCE 



A. HOVER PERFORMANCE 

1 . Hover power calculations 

Several fundamental assumptions were made in the initial 
performance calculations. During the initial phases of design, 
sizing and performance estimates, hover power calculations 
were made for the 3-meter height hover condition. This was 
considered to be out of ground effect. This assumption was 
made due to the low disk loading of the HPH rotor. In normal 
practice, out of ground effect is taken at a one rotor- 
diameter height. Typically, graphs generally indicate that 
ground effect would provide significant benefit on hover 
performance. In this case, the extremely low induced 
velocities were assumed to negate ground benefit. This also 
represented a worst case scenario and yielded conservative 
estimates . 

The rotor speed is slow enough that it was assumed that 
the inflow from the proceeding blade will have decayed to a 
negligible magnitude by the time the trailing blade arrives. 
Thus, the pitch angle was deemed equal to the angle of attack. 
The influence of the inflow from the upper blade will cause a 
momentary reduction in the angle of attack as it passes over 
the lower blade. However, for the sake of simplicity in the 
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initial design, inflow on the lower blades was neglected. The 
validity of these assumptions will be evaluated later. 

Initial hover power estimates were from the Performance 
Program which makes use of blade element theory. The program 
assumes a linear taper over the outer one-third of the blade 
and constant chord over the rest of the blade with a 3-foot 
offset. The program also calculates two tip loss factors (B) 
and uses the larger one (least amount of tip losses) . User 
inputs are rotor radius, root chord, tip chord and rotor RPM. 
Program output is blade station, chord, and Reynolds number 
into a data file, "Reynold . Dat . " Thrust, in-plane drag and 
induced velocity versus blade station are input into files 
"Thrust.dat", "Drag.dat" and "Indvel.dat", respectively, for 
plotting . 

The tip loss factor generated by the program for the final 
configuration was 0.965, yielding an effective blade length of 
34.74 feet. The rotor blade was divided into 30 sections of 
1.2 feet each so that the outboard section corresponded to the 
length of rotor blade which was truncated. 

The final blade geometry selected was: 

• Rotor radius - 36 ft 

• Root chord - 4.5 ft 

• Tip chord - 2.5 ft 

• Rotor speed - 8 rpm 
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The rotor blade design was based primarily on two 
criteria: keeping the chord Reynolds number fairly constant 
over the outer half of the blade, and the minimum diameter to 
keep the power at or below 1.5 hp. The goal during the design 
process was to keep the chord Reynolds number within +/- 
100,000 over the outer half of the rotor blade, enabling the 
use of one airfoil. The final design keeps the Reynolds number 
within 86,000 of 500,000 (which is the design Reynolds number 
of the DAE 11 airfoil) . A table of data showing the Reynolds 
number versus the blade station is presented in Table B-1, 
Appendix B. 

The rotor blade configuration above results in the 
following performance: 

• Total thrust - 250 lb 

• Power required - 1.53 hp 

• Tip speed - 30.5 fps 

• Tip loss factor - 0.965 

The tip loss factor closely correlates with that used for 
conventional helicopters which is often taken to be a constant 
0.97. The taper ratio was used primarily to keep the Reynolds 
number as constant as possible. Of all of the rotor blade 
parameters, the rotor radius has the single greatest effect on 
aircraft performance. Several rotor radii are presented in 
Table II to get a feel for the relationship between radius and 
horsepower required to generate 250 lb of thrust for a blade 
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with the same relative geometry (1.8:1 linear taper over the 

outboard 33%) . It can be seen that the relationship between 

rotor radius and power required is linear at 0.0167 hp/ft. 

Table II. POWER REQUIRED TO 
GENERATE 250 LBS OF THRUST FOR 
VARIOUS ROTOR RADII. 



ROTOR RADIUS 
(ft) 


POWER 

(hp) 


28 


1 .74 


32 


1 . 63 


36 


1.53 


42 


1.43 



2. Vortex lattice method 

The vortex lattice method (VLM) described in [Ref. 28: 
p.271] was used to calculate the lift over the rotor blade. 
Only one chordwise horseshoe-vortex was used. The Fortran 
program used is presented in Appendix F. The vortex 
distribution is presented in Figure A-1, Appendix A. The same 
basic airflow assumptions as for the blade element program 
were made in the vortex lattice program. The final geometry 
from the blade element method was used and a total lift of 71 
lb per blade (284 lb total) was calculated. This represented 
an 11% increase in lift over the blade element method. The VLM 
lift distribution is plotted along with the blade element 
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method in Figure A-2, Appendix A. A table of circulation 
versus blade stations is presented in Table B-2, Appendix B. 

The VLM is presented as a separate method to verify the 
results of the blade element method. The VLM method is assumed 
to be less accurate and is not used for primary performance 
calculations. However, the lift distribution is much more 
accurate and will be useful for structural considerations. 

3. Approximation accuracy 

a. Pitch angle equal to the angle of attack 
This section will make some simple flow models and 
estimate the degree to which some of the basic assumptions 
were valid. The assumption was made that the pitch angle was 
equal to the angle of attack. This implied that the induced 
velocity of the leading rotor blade will decay to 
approximately zero before the next blade arrives at that 
azimuthal position. Or, from another perspective, this 
assumption says that each blade is moving into "clean air, " 
that is, air undisturbed from the previous blade. To estimate 
the validity of the assumption, assume that the trailing 
streamlines are that of flow over a rotating cylinder where 
the diameter is equal to the chord. The equation for the 
radial velocity around a cylinder is given by: 
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r 

2ti r 



( 10 ) 



Vfi = - (1 + K.sin0 - 



If the tip path plane is considered as 0=0 then is 
the induced velocity, and the induced velocity becomes: 






r 

2ti r 



( 11 ) 



The negative sign implies that with a positive 
circulation the tangential velocity is clockwise for flow from 
the left, and that the induced velocity is in the downward 
direction . 

A graph of induced velocity versus rotor blade station 
is presented in Figure A-3, Appendix A, and is typical of a 
conventional rotor blade profile. The maximum induced 
velocity of 2.1 fps occurs at 25.27 ft which corresponds 
precisely to 0.7R. Since a lower blade has an upper blade pass 
over it four times every revolution, there will be one-quarter 
of an arc of distance behind the lower blade until the next 
upper blade passes over it. At 0.7R, the one-quarter arc 
distance will be 39.6 ft. 

At 0 . 7R, the calculated induced velocity is 2.1 fps 
and using equation 3 above with a radius of one-half of the 
chord, the circulation is 29.7sq ft/s. This compares to a 
value of 33.6 sq ft/s, which was calculated for the VLM. As 
the VLM calculated 11% higher lift, a higher circulation from 
the VLM would be anticipated (111% of 29.7 is 32.9) . Using the 
value of circulation calculated from the induced velocity 
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(F=29.7 sqft/sec.), at 79.2 ft behind the blade (two times the 
quarter-arc distance of 39.6 ft) the induced velocity (v^) 
becomes 0.060 ft/sec when the next blade passes under it. The 
inflow angle becomes: 

<J) = = 0.l6deprees (12) 

The rotor blade pitch angle can be trimmed to operate at 
an average angle of attack closest to the optimum power factor 
so the induced velocity will not adversely affect the lift 
generated. Rather, it will mean that the blade will be tilted 
aft slightly (0.16 ), increasing the component of the lift 
vector in the in-plane (drag) direction. This calculation is 
based on the largest induced velocity and is small enough to 
be considered insignificant with respect to the anticipated 
torsional flexibility of the rotor blades. 

i>. Inflow on the lower set of rotor blades 
To obtain an estimate of the effect of the previously 
neglected inflow of the upper rotor on the lower rotor blades, 
several simple approximations will be made based on the 
induced velocity of the upper set of rotors. The results will 
then be applied to the performance program and compared to the 
originally calculated performance. 

Induced air flow passes through the tip path plane at 
an induced velocity of v^ . The flow necks down and the inflow 
increases to 2v^ at one rotor-diameter below the tip path 
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plane. The lower set of rotors will be as close as possible 
below the upper set of rotors, so the increase in induced 
velocity due to the necking down will be assumed to be 
negligible . 

At 0 . 7R, where the highest induced velocity is 
located, a rotor blade passing below this blade will be 
momentarily subject to an inflow angle corresponding to: 



4> = tan‘1 = 5 .1 degrees (13) 

which will effectively reduce the angle of attack by that 
amount . 

To get a feel for the added power required due to the 
inflow from the upper rotors, a simple flow model is 
generated, the increase in pitch angle to overcome the inflow 
is calculated, and the value of that increased pitch angle is 
put into the performance program to provide an estimate of the 
additional power required. 

Assume that as the leading edge of the rotor blade 
passes over the lower blade the effective induced velocity 
increases exponentially according to: 



(x) 



V . (1 - 

calc 



e-n 



(14) 



until the full induced velocity is reached at the trailing 
edge of the airfoil. This is an assumption based on the 
induced velocity buildup for a suddenly applied angle of 
attack on an airfoil [Ref. 29: p.4]. After the trailing edge 
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passes the lower rotor blade, the induced velocity decreases 
according to that of a cylinder of diameter equal to the 
chord. The complete formula to calculate the induced velocity 
becomes : 

Vi (x) = V, (i - e’^) O^x^c (15) 

Viix) = - — Cixi39.6 (16) 

^ 2 71 r 

Integrating over the entire quarter of arc and 
dividing by the length of the arc to find the average induced 
velocity yields: 

Vi = 0 . 416 fps (17) 

Using equation 13, the average inflow angle becomes: 

= 1.61 degrees (18) 

Again, this implies that the lower set of blades will 
have to have the pitch angle increased 1.61 degrees to operate 
at the same average angle of attack. Adding the increased 
inflow angle to the pitch angle will tilt the lift vector 
further aft resulting in a higher in-plane drag. Adding the 
increased inflow angle to phi in line 84 of the performance 
calculation program will increase the pitch angle on all four 
blades. With phi equal to 1.68 radians, the program calculates 
an increase in power required from 1.53 hp to 1.82 hp . Since 
only half of the blades will show an increase, the average of 
the two results in a power required to hover of 1.68 hp. This 
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represents an increase in power required of 0.15 hp, or a 10% 
increase . 

A power increase of 10% represents a noteworthy 
increase. However, it will be seen that it is not too 
significant when compared to the variables associated with 
ground effect. 

B . GROUND EFFECT 

1 . Theory 

Ground effect is defined as a reduction in induced power 
due to proximity of the ground. It is characterized by a 
reduction in induced velocity required to produce a given 
thrust. A plot showing induced velocity ratio as a function of 
normalized rotor height is presented in Figure 12. Since the 
induced velocity is reduced in ground effect for the same 
thrust generated, the blade can operate with the same angle of 
attack at lower pitch angles. The reduction of pitch angle 
results in less rearward tilt of the lift vector, and 
consequently a reduction in the induced power from that 
required out of ground effect. Height above the ground is 
typically referred to as Z/D, where Z is the rotor height and 
D is the rotor diameter. 

The difference in power required due to ground effect 
becomes : 

Where: Vi=induced velocity 
Source: [Ref. 25: p.67] 
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Figure 12. INDUCED VELOCITY RATIOS [REF. 31: P.6] 



Ah.p. 



Tv, V, 

^ CCE ^2^ _ ^JCE J 



550 



(19) 



Betz (1937) obtained a ratio for power in ground effect 
for Z/R < 1 [Ref. 25: p.l23] where: 



^IGE - 2 — 
^OGE ^ 



( 20 ) 



Ground effect is also depicted using the ratio of thrust- 
generated-in-ground-effect to the thrust-generated-out-of- 
ground-ef feet (for constant power) versus normalized rotor 
height (Z/D) . Figure 13 presents such a graph. 

Recent investigations by Cal Poly students have shed some 
light on this unexplored regime of flight, and resulted in the 
"Cal Poly Model Test Point" on the classic graph. Tests show 
a continued reduction in induced velocity well below where 




Rotor M cipht Above Ground 
Rotor Diameter 

Figure 13. THRUST FOR SAI^E POWER [REF. 31: P .5] 

most graphs and data go. This is shown on Figure 12, above. 
This implies that at very small Z/D, rotor drag becomes 
primarily profile drag. 

Interestingly, tests at Cal Poly by Baker and Scarcello 
show increased ground effect over rough surfaces. Hence, when 
the Cal Poly team was attempting to achieve the world's first 
human-powered helicopter hover, they put relatively large 
cardboard fences on the floor in an attempt to increase the 
"surface roughness" of the gym floor and take advantage of 
this surface roughness effect. [Ref. 28: p.6] 

With the exception of recent studies at Cal Poly, tliere 
has been little, if any, research on helicopter rotors deep in 
ground effect. The standard configuration of most helicopters 
places the rotor already at Z/D of roughly 0.2 when sitting on 
the ground. This has probably obviated the need for studies of 
ground effect below that Z/D. 
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2 . Ground Effect Calculations 



a. 3-jneter height 

The initial hover power calculated assumed that at the 
3-meter height the rotors were out of ground effect. For a 
preliminary rotor height consideration, assume that the rotor 
blades will be co-located 5 ft above the bottom of the HPH. 
The rotor height at the competition 3-meter height requirement 
then becomes approximately 15 ft and Z/D=0.21. Entering Figure 
13 shows a thrust ratio of 1.26. This indicates a 26% thrust 
improvement for a given power over the true OGE calculation. 
If this condition held true, the power required to hover at 
the 3 meter height would be 1.33 hp. 

Assuming that the two sets of rotor blades are 4 feet 
apart, then: 



Z 

^ lovez 




0.18 



Z 

^ upper 




0.24 



( 21 ) 



and 



= 1-27 = 1.24 ( 22 ) 

showing that there might be a 3% differential thrust for a 
blade separation of 4 ft with airframe height of 3 meters. 
Within the accuracy of the theory, 3% is not deemed 
significant and will be disregarded for IGE performance 
calculation purposes, but will be important for control 
purposes . 
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Entering Figure 12 with Z/D of 0.21 gives a value of 
the induced velocity ratio of 0,7. Equation 19 assumes that 
the induced velocity is constant over the blade, so the 
average induced velocity generated from the Performance 
Program will be used to calculate ground effect. Using average 
induced velocity of 1.67 fps, the Ahp is 0.23 hp, and the 
power required to hover IGE becomes 1.30 hp. 
i>. Deep In Ground Effect 

Using Betz's formula with the true OGE hover power 
calculation and the added induced power on the lower set of 
blades : 



PzGE = (Poge)2^ = (1.68) (2) (^) = 0.56hp (23) 

Using : 

I = ^ ' .0833 (24) 

the hover situation approximates the "Cal Poly Point" on 
Figure 12. The ratio of induced velocities is 0.05. Using the 
average induced velocity (provided by the Performance Program) 
of 1.67 fps, the Ahp is 0.72 hp; making the power-required to 
hover IGE 0.80 hp. 

c. Summary of Ground Effect Calculations 

The basic assumptions made in calculating hover power 
were: the inflow from a rotor blade will have decayed to zero 
at the trailing blade/ inflow effects on the lower set of 
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Table III. SUMMARY OF HOVER POWER CALCULATIONS FOR HPH . 



ASSUMPTIONS 



POWER (hp) 



— 3-meter height — 



Basic 


assumptions, true OGE. 






1.53 


Basic 

lower 


assumptions, inflow effects 
set of rotors, OGE. 


on 


the 


1.68 


Basic 

rotors 


assumptions, inflow effects 
, IGE using Figure 12. 


on 


lower 


1.30 


Basic 

rotors 


assumptions, inflow effects 
, IGE using Figure 13. 


on 


lower 


1.33 



— Just clear of the ground — 

Basic assumptions, inflow effects on lower 

rotors, Betz's formula. 0.56 



Basic assumptions, inflow effects on lower 

rotors, "Cal Poly Point." 0.80 



rotor blades were neglected; and the 3-meter hover height was 
out of ground effect. The Performance Program calculations 
were based on blade element theory and used the tip loss 
formula by Wheatley. A summary of hover performance 
calculations is presented in Table III. 

C. STABILITY AND CONTROL 

The importance in having an aircraft that is controllable 
is critical to this competition. It will not be possible to 
build an aircraft with the inherent stability to meet the 
requirements of the Igor Sikorsky Award. Just as the 
introduction of the swashplate enabled Igor Sikorsky to obtain 
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satisfactory control and achieve the first truly successful 
powered flight of the VS-300 helicopter in 1939, the "control 
problem" must be accounted for in the HPH design. As was seen 
in the introduction, it was controllability that allowed the 
Gossamer Condor to become the "first" human-powered aircraft. 
In their case, the unstable nature of their design was not a 
problem, as the controllability characteristics were such that 
the pilot could easily maintain steady flight. During the Da 
Vinci's 7-second world-record flight, it appears that the 
pilot could have easily flown longer, but the aircraft was 
becoming increasingly unstable and in imminent danger of 
crashing. A controllable aircraft is paramount to a successful 
human-powered hover, and winning the Igor Sikorsky Award. 

1. Controllability 

"Controllability may be defined as the capability of the 
helicopter to perform, at the pilot's desire, any 
maneuvering required in a particular mission. The 
characteristics of the airplane should be such that these 
maneuvers can be made precisely and simply with a minimum 
of pilot effort. [Ref. 32: p.2-2]" 

In this case the "mission" is to maintain a hover within 
the prescribed area and maintain a constant heading for one 
minute. It can be seen from this definition of 
controllability, that if the aircraft is unstable but easily 
controllable, the flying qualities could still be satisfactory 
for the mission. Today's powered helicopter (without automatic 
stabilization) is in this control category. 
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2. Static Stability 

An aircraft is statically stable if it tends to return 
toward its original trimmed condition when disturbed from an 
equilibrium condition [Ref. 32: p.3-3]. An aircraft is 
dynamically stable if it returns to an equilibrium condition 
on its own if disturbed from trim [Ref. 32: p.3-4]. Both 
definitions are open-loop conditions, whereby the controls are 
left in the trimmed position and the pilot does not make any 
inputs to correct the aircraft attitude. 

An aircraft can be statically stable but dynamically 
unstable. An example would be an oscillatory motion of 
increasing amplitude called "oscillatory divergent". It tends 
toward returning to trim but overshoots by an increasing 
amplitude each cycle. To be dynamically stable, the aircraft 
must be statically stable. 

Positive damping is that characteristic of a system which 
opposes transient motions and results in decreasing cyclic 
amplitudes (for oscillatory motion) or decreases a rate of 
motion [Ref. 32: p.3-5]. Negative damping is unstable. 
Classically, a damping force or moment is proportional to 
velocity, and in some non-linear cases to (velocity)^. Hence, 
roll damping is the moment which opposes a roll rate and 
causes the aircraft to stop rolling once the controls are 
returned to neutral . 

Light, large aircraft such as human-powered aircraft have 
low inertia and very high damping compared to conventional 
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aircraft. The pitch damping of the Gossamer aircraft was high 
enough that the maximum rates that could be developed (if 
allowed to diverge) were so small that they were easily 
compensated for by the pilot. If an aircraft is unstable, it 
is important that adequate control margin is available to be 
able to control the aircraft. 

Associated with unsteady aerodynamics, there is an inertia 
force referred to as "apparent mass." When accelerating a wing 
perpendicular to its direction of motion, it is necessary to 
accelerate not only the wing itself but the air surrounding 
the wing as well. For a high aspect ratio wing, the apparent 
mass is equal to the mass of a cylinder of air with a diameter 
equal to the local chord. For the rotor blade design proposed; 



AM = n (^1) (24) p 



air 






'zC 



) ] ( 12 ) p, 



= 38.81b 



Each rotor blade weighs approximately 20 lb. Thus, the 
apparent mass nearly doubles the inertia of the rotor blade. 
Despite the increased inertia, Drela [Ref. 8; p.l04] showed 
that roll damping still dominates the roll response in human 
powered aircraft . 

A generic helicopter in a hover will be statically stable 
with regard to translational velocity [Ref. 22: p.283]. That 
is, if the trimmed hovering aircraft is displaced in roll it 
will not generate a restoring moment until a translational 
velocity is developed which causes blowback which generates a 
restoring moment. If allowed to continue uncheclced in a 
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conventional helicopter, the motion results in a dynamically 
unstable oscillatory divergence [Ref. 23: p.603] . In a HPH, the 
pitch and roll damping are so high that large rates cannot 
build up. It is anticipated from dimensional considerations 
that this HPH will be statically stable as well. If allowed to 
start, an oscillation in pitch or roll would be of limited 
amplitude due to the limited pitch/roll rates. However, the 
aircraft would tend to "slide" sideways into the ground. As 
such, it will be imperative that a control system be 
implemented to keep lateral and longitudinal translational 
velocities to zero. 

3 . Lateral and Longitudinal Control 

It is proposed that a side force generator rather than a 
roll moment generator be used to control the HPH. The basis 
for this proposal is the trouble exhibited by past human- 
powered aircraft in roll control. There will be very little 
difference between roll and pitch for this aircraft, so "roll" 
will be used to imply either pitch or roll. The wings of past 
human-powered aircraft have been so flexible that conventional 
aileron control has been ineffective. For turns, the Gossamer 
series used a canard as a yaw force generator to generate 
differential wing lift and consequently a roll moment. The 
Daedalus team was unable to make an effective aileron system 
so they used the rudder and the dihedral effect to make 
shallow turns. 
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Rotor blade winglets on the upper set of blades are 
proposed as the means of generating a side force. By 
cyclically varying the angle of incidence of the winglets a 
side force can be generated and used to control position over 
the ground. If designed correctly, winglets may also have the 
added benefit of reducing tip losses. 

4 . Directional Control 

Heading control will also be necessary to win the 
competition. Torque differentials between two rotor blades 
caused by inflows, non-linear ground effects, and v.’inglet 
inputs will cause the pilot to rotate with reference to the 
ground. Conventional heading control for counter-rotating 
rotors is by differential collective inputs to the two rotors. 
Heading control for this HPH is proposed by changing the 
torque on the upper rotor only. This can be performed by 
changing the total lift on the upper rotor. The rotors can be 
finely tuned so as to be in torque balance for one flight 
condition, thus requiring only small inputs to maintain 
heading as hover conditions vary. Lift change on the upper 
rotor can be accomplished by either a small flap-type control 
or by blade pitch change. 

The co-axial design has an inherent stability advantage 
over a two-bladed helicopter in that it has polar moment of 
inertia symmetry between X and Y axes. For the Da Vinci, 
ixx^iyy The extremely small moment of inertia about the 
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feathering axis resulted in the helicopter pitching about the 
main spar (feathering axis) and falling over. 

5. Collective Control 

The most simple means of controlling thrust (for height 
control) is by varying rotor speed. It has the advantage of 
eliminating mechanisms required to feather the blades and 
thereby reducing total airframe weight. Some radio-controlled 
helicopter models have been very successful in using this 
technique to eliminate the conventional collective control. 

6 . Energy Storage 

An investigation was made into using the inertia of the 
rotor blades to store energy. If a system were derived whereby 
the blades could be held at the zero lift angle of attack, the 
blades could be accelerated to above the design speed and the 
energy in the rotor inertia could be used to help lift the 
aircraft to the 3-meter height immediately after takeoff. 
Considering only the inertia of the rotor blades, the total 
inertia is the sum of the two sets of blades where the blades 
are assumed to have uniform mass distribution. The moment of 
inertia of a long uniform rod rotating about the middle is: 

J = Ji-/77J2 (26) 

yy 22 

where for this case: m = 40 lb 

1 = 72 ft 



and 
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(27) 



lyy = 17,820 ih-fC^ 

The energy required to lift 250 lb to 3 meters is: 

P.E. = mgh = 80,500 (28) 

The kinetic energy in the rotor system is: 

K.E. = (2) — Ja>2 = 12,514 (29) 

2 

Assuming the rotor blades will need to be at the design 
operating rpm at the top of the climb, the total energy needed 
to be stored in rotor inertia at flat pitch is the sum of the 
potential energy required to climb to 3 meters and the kinetic 
energy of the rotors at the design condition. The total energy 
required at flat pitch is: 

Ecotal = 93,014 (30) 

Solving for the rotor speed required at flat pitch: 

o> = 2.18 = 20.8 RPM (31) 

sec 

This would present a problem in that the pilot would be 
required to pedal at 234 rpm (without any variable gear 
ratio), an unrealistic speed. 

If the maximum flat pitch rotor rpm were limited by 
profile drag, and a limit of 1 hp were set, then a maximum 
rotor speed could be calculated using the Performance Program. 
Unfortunately, airfoil data are only available to 0 degrees 
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angle of attack (as opposed to the zero-lift angle of attack) . 
The program gives 9.3 rpm at 1 hp; but 125 lb of thrust is 
still being generated. Regardless, it will not be possible to 
achieve a rotor speed of 20.8 rpm! 

For argument sake, it will be assumed that a rotor speed 
of 12 rpm would be able to be generated by placing the rotors 
at the zero-lift angle of attack. Then, by increasing the 
blades' inertia using tip weights it would still be possible 
to achieve the added energy at minimum pitch. Solving for the 
weight necessary to do this results in 34 lb. tip weights — 
obviously an unrealistic proposition as the power required to 
hover deep in ground effect with the extra 132 lbs is well 
above human power capabilities. 

In conclusion, the high rotor blade profile drag prevents 
a high minimum-pitch rotor speed and precludes any effective 
use of the rotors as a means for storing energy. There would 
be no advantage in adding tip weights, and no reason to add 
the capability to feather the rotor blades for energy storage 
purposes . 
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V. FINAL CONFIGURATION 



A. CONSTRUCTION 

The design of an HPH is a relatively simple operation 
compared with monumental task of building the HPH. 
Construction will command an extraordinary amount of manhours, 
require innovative thinking and use of materials not normally 
used in the aerospace industry. It may be possible to make use 
of some of the local high school or college students to help 
construct the aircraft in exchange for science credits. In the 
attempt to construct a light, strong aircraft, past teams have 
required a large amount of trial and error in construction 
techniques. Mr. P. Zwann, builder of two (unhoverable but not 
unsuccessful) human-powered helicopters, said that probably 
the best advice he could give was to "... sketch with your 
materials. [Ref. 33]" 

As in all arenas of scientific endeavors, progress is made 
by building upon others' past discoveries, research and 
development. Through exhaustive research it is hoped that the 
lessons of past mistakes of human-powered aircraft designs and 
construction will be learned and not repeated here. This 
section will discuss some of the construction methods and 
materials necessary for construction of this HPH. 
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B. MAIN SPAR DESIGN 



1 . Composite Technology Background 

Composites have been used in aircraft in the form of 
plywood since the early days of aviation. Advanced composites 
have allowed significant structural advantages for human- 
powered aircraft. Good composite design can allow a 
significant weight savings over other materials and result in 
a stronger and stiffen structure. Furthermore, it is possible 
to do much of the composite construction at the NPS without 
having to resort to a commercial composite outfit. For 
example, a gentleman named Juan Cruz (who is now a composite 
specialist for NASA) hand built the spars of the Daedalus 
aircraft using pre-impregnated unidirectional graphite-epoxy 
tape [Ref. 2: p.97]. 

Part of the purpose of this HPH project is to promote 
various aspects of aeronautical engineering. The use of fiber 
re-inforced composites has been called the biggest technical 
revolution in aviation since the jet engine [Ref. 34: p. 85,90 
and 91] . Composite design and construction is becoming an 
integral part of naval aviation, and as such should be 
understood by all aeronautical engineers. With some easily 
constructed facilities at the NPS, it would be quite possible 
to build the rotor blade spars required for this HPH. 

To determine the feasibility and reliability of a hand 
layed composite section, information from a NASA report 
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regarding cylinders tested in strictly compression is 
presented. The report tested HS-4 graphite and 3502 epoxy 
cylinders with different lay-ups. Despite only reporting on 
compression test samples, there should be no reason that the 
quote would not apply to cylinders in combined loading. "A 
comparison between filament wound and hand laid-up tape 
control cylinders indicates there is little or no difference 
in the response of cylinders constructed using the two 
manufacturing techniques." [Ref. 35] 

A composite consists of two or more dissimilar elements 
combined on a macroscopic scale to create a material 
exhibiting properties that neither has of its own. The 
material comprising the composite are termed the 
"constituents." For purposes of this paper, the term 
"composite" will imply a fibrous composite. A fibrous 
composite consists of fibers in a matrix. The fibers are long 
and continuous, and can be woven or unidirectional. The matrix 
is the substance that binds the fibers together and serves 
many purposes; among them to add structural support, transfer 
stresses, and to protect the fibers. The composites can be 
layered with the fibers in different directions, and the 
composite becomes a "laminated fibrous composite." [Ref. 36: 
p.2-5] 
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2 . Composite Tube Construction 

Cylindrical composite tubes are created by wrapping the 
composite around a form called a "mandrel." Two main methods 
are used. Where the facilities are available, tubes are 
generally constructed using a technique called "filament 
winding." Here, an individual fiber is coated with a matrix 
and wound in pre-determined directions, and layers, around a 
mandrel. The other method is to use pre-impregnated tape 
called "pre-preg" which comes in rolls or sheets and is 
wrapped around the mandrel in the same manner as filament 
winding. Filament winding is generally used for highly 
automated production, and pre-pregs are frequently used for 
small batches or one-of-a-kind construction. The composite 
shrinks upon curing, and extraction of the mandrel becomes 
difficult. A common method is to etch a groove through the 
tubular metal mandrel with acid, allowing the mandrel to 
compress and be easily extracted. 

3. Composite Material Selection 

In determining the constituents, several factors need to 
be considered: strength-to-weight ratio, stiffness, and 
cost / availability . 

Graphite represents a strong, stiff and relatively cheap 
fiber and is probably the most suitable for construction of 
the main spar. Graphite-epoxy pre-preg unidirectional tape 
represents the most suitable composite material. In 
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determining the directions of the individual lamina, called 
the lay-up, the blade loading will be needed. The thrust and 
drag have been previously been presented, but the pitching 
moment has not. The moments are generated by the Performance 
Program (Appendix F) and the data output to a file 
"moment.dat." Note that the pitching moments are negative, 
indicating a leading edge down pitching moment . 

Much of composite strength and reliability is dependent 
upon the manufacturing process. It will be necessary to build 
and test specimens in order to refine the design and 
fabrication process. The spar is essentially a torque tube 
with longitudinal structural re-inf orcement on the top and 
bottom. The Daedalus used smaller tubes bonded to the top and 
bottom as tension and compression members. The Da Vinci used 
a lamina running axially (lay-up angle of 0 degrees) on the 
top and bottom to serve the same purpose. 

There exists a flat, unidirectional laminate used by 
makers of skiis and composite bows that may be suitable as the 
spar tube can. Sold by Gordon Plastics in Vista Ca., it is 
called "Spar Tuf" and comes pre-cured and ready to be bonded. 
It has been tested in both tension and compression to 150,000 
psi.[Ref.37: p.9-4] 

4 . Bending to Torsion Coupling 

The spar can also be designed to incorporate bending to 
torsion coupling. This would have two advantages. The first 
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would be to counter the pitching moment. The second would be 
to serve as an effective collective control to increase the 
pitch angle as more lift is generated and the blades flex up. 
Thus, at low speed, the blades would be at a reduced angle of 
attack and require less torque to accelerate the rotor system. 
As the lift increases, the blades flex up, and the pitch angle 
will increase until equilibrium is reached whereby the airfoil 
is operating at the design angle of attack. Either a section 
at the root can be designed with bending to torsion coupling 
so the entire spar twists a constant amount, or the the 
coupling can be incorporated into the entire blade, inducing 
blade twist. The former is equivalent to the well known delta- 
3 hinge built into rotor blades for pitch-flap coupling. 

Refinement of the spar design is beyond the scope of this 
report and is left for follow-on work. The intent is to show 
that design and construction of a graphite-epoxy spar is well 
within the capabilities of the NFS. 

C . ROTOR BLADES 

This paper has jjsed the helicopter terminology of rotor 
blades, when in fact they are more correctly termed "rotary 
wings" as strutural rigidity is achieved through a 
cantilevered spar rather than from centrifugal forces. The 
Cheyenne and ABC helicopters also had cantilevered rotor 
blades like this. It gave rise to the term "rigid rotor." That 
term was considered incorrect, which led to the term 
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"hingeless rotor." Hence, construction methods will be similar 
to wings of past human-powered aircraft. Construction of the 
spars was addressed previously and will not be discussed in 
this section. 

The rotor blades will be constructed using a tubular 
composite main spar with lightweight ribs, and covered in a 
thin polyester film. Ribs can be fabricated from low density 
(2 Ib/ft^) foam and structural support added as necessary. One 
source for sheet foam is Ref. 38. The foam ribs can be backed 
with paper, or supported with flat composite strips glued to 
the sides. The leading edge of the rotor blade should have a 
rigid sheet of material wrapped around it to add rigidity to 
the skin along the portions of the airfoil with a high (or 
low) co-efficient of pressure to prevent excessive airfoil 
deformation . 

The polyester-film skin can be made of 0.5 mil Mylar 
(manufactured by DuPont) which has been used successfully in 
past human-powered aircraft. Information on Mylar is provided 
in Appendix G. 

The rotor blades need to be designed for easy 
transportability and set-up. The blade could be designed into 
three sections of 12 ft each, with the two inboard sections 
all being constant chord. The criterion for spacing of the 
ribs is unknown and will probably be a function of the ease of 
tensioning and heat shrinking the Mylar. The spacing will most 
likely have to be determined after materials can be obtained 
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and a test section constructed. Adhering the film to the ribs 
can be easily done using a spray glue made by 3M called Spray 
77 [Ref .33] . 

The support structure for the pilot, termed the 
"undercarriage, " should also be made from composite tubing for 
maximum strength-to-weight ratio. The undercarriage includes 
the "landing gear" structure that provides some degree of 
protection by absorbing energy during landings and a means for 
the aircraft to stand upright. 

The mast and rotor blade hubs shall also be fabricated 
from composites. Bearing races can be fabricated in the NFS 
workshops form metal. The hollow mast will allow control 
tubes/cables to pass through to the upper rotor blades. A 
scheme to allow pilot azimuthal control of the winglets for 
lateral/ longitudinal control needs to be devised in future 
design refinements. 



D . DRIVE TRAIN 

WA.CAAAJV. GAU 

Past histories of human-powered aircraft have shown the 
drive train to be a neglected yet crucial element in the 
design and development of human-powered aircraft. 
Conversations with builders of two human-powered helicopters 
have confirmed this conclusion [Ref. -33 and 39]. The 
characteristics of a successful HPH drive system are 
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reliability, light weight , ability to withstand high torques, 
and simplicity. 

Human power studies have shown pedalling to be the 
preferred method for this application. Hence, standard bicycle 
components should be used as they have several distinct 
advantages : 

• They are proven to work as intended. 

• They come in standard sizes and are easily interchangeable 
to obtain the optimum system. 

• They could most likely be obtained gratis; either from 
local shops or the manufacturers. 

• They can easily be modified (drilled out) to be made 
lighter . 

• Many cyclists (potential pilots!) prefer certain gear 
(pedals for example) and can be easily interchange their 
own gear. 

• Chain wheels can be easily changed to alter the main rotor 
drive gear ratio. 

Further work on the ergometer may offer more information 
regarding the optimum crank system. In reality it will most 
likely be the pilot's choice/preference. The choice to use 
conventional bicycle components will offer advantages over 
custom designed equipment and should be considered. 

The chain v;ill be required to twist 90 degrees to operate 
in the same plane as the rotor shaft. A flexible chain is 
commercially available [Ref. 40: p.ASO] which is particularly 
suitable. Called POW-R-CHAIN, it has a 1/2 inch pitch and is 
compatable with standard bicycle drive gears . Made of 
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polyester rollers fixed to wire cables, it has a tensile 
strength of 300 lb and weighs only 1 ounce per foot. 

Large torques are required on start-up, and a drive system 
is required to be able to withstand these large forces. The 
proposed bicycle crank/chain drive system is proven, simple 
and lightweight. The only disadvantage of a chain-drive system 
is the requirement for feeder slots for the chain going onto 
the gear. 

2. Reversing Mechanism 

Again, a robust drive system that is simple and 
lightweight is desired. The proposed reversing mechanism 
effectively combines these elements. A drawing of the 
reversing mechanism is presented in Figure H-1, Appendix H. 

The rotor mast is centered about a main, stationary mast 
to which the undercarriage is fixed. Around this mast are two 
identical sleeves each of which serve as the rotor hub. Where 
the two sleeves meet, they are interconnected by an idler 
wheel. As the bottom sleeve rotates, the idler wheel will turn 
the upper sleeve at the same speed, except in the opposite 
direction. A bevelled pinion gear and ring gear will 
effectively accomplish the intended job. Available from 
commercial sources, they will have to be sized upon completion 
of the exact drive train design. 
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E. SUMMARY OF FINAL DESIGN 

A summary of the design, dimensions and 
parameters is presented below: 

COMPLETE HELICOPTER 
Rotor diameter - 72 ft 
Number of blades - 4 
Total thrust - 250 lb 
Rotor speed - 8 rpm 
Planform area - 552 sq ft 
Co-efficient of thrust (C^) - .0206 

ROTOR BLADES 

Root chord - 4.5 ft (to 0.67R) 

Tip chord - 2.5 ft 
Taper ratio - 1.8 
Tip speed - 30.5 fps 
Tip loss factor - 9.65 
Airfoil - DAI 11 

POWER 

Hp required at 3 meters (no ground effect) 
Hp required at 3 meters (ground effect) - 1 
Hp required at low hover (ground effect) - 
Power loading (low hover) - 312.5 Ib/hp 
Pilot pedal speed - 90 rpm 



aircraft 



- 1.68 hp 
.30 hp 
0.8 hp 
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A comparison of several rotor parameters is made with 



several other human-powered aircraft below: 



TIP SPEED 

This design - 30.5 ft/sec 
Da Vinci - 55 ft/sec 
Daedalus - 22 ft/sec 

WING LOADING 

This design - 0.453 Ib/sq ft 
Gossamer Condor - 0.25 Ib/sq ft 
Da Vinci III - 0.625 Ib/sq ft 
Musculair II - 1.4 Ib/sq ft 

Drawings of the HPH are presented in Appendix H. 
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VI . CONCLUSIONS AND RECOMMENDATIONS 



A, BENEFITS OF AN HPH PROGRAM 

This paper concludes that a 72-ft diameter co-axial 
helicopter can be hovered for one minute on human power. The 
construction of a human-powered helicopter and completion of 
a one minute hover to win the Igor I. Sikorsky Competition is 
well within the capabilities of students at the NPS. 
Construction of a human-powered helicopter at the NPS will 
have many benefits to the school, aeronautical engineering, 
naval aviation, and the Navy in general. 

Winning the American Helicopter Society's competition will 
represent a historically significant milestone. As the last of 
Leonardo Da Vinci's ideas to be realized, winning the Igor I. 
Sikorsky Human-Powered Helicopter Award will be an achievement 
that will assure the school a great deal of prestige within 
the aviation and engineering community. The publicity 
generated from a successful flight will present a very 
positive image for the NPS and the Navy in general. 

In addition to the intangible rewards, there will be many 
very real and positive benefits with respect to the 
Aeronautical Engineering curriculum. One of the most needed 
benefits of a program such as this will be the promotion of 
the helicopter aerodynamics program at the NPS. The NPS has 
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probably the best body of helicopter knowledge of any 
educational institution in the world. Approximately one-third 
of the aeronautical engineering students are helicopter 
pilots. These pilots include graduates of the U.S. Naval Test 
Pilot School, undoubtedly the best helicopter test pilot 
school in the world; pilots with several thousand helicopter 
flight hours; pilots with significant fixed-wing hours as well 
as rotary-wing hours; and pilots who were prior aircraft 
maintainers. Also included as students are government service 
and foreign engineers who are helicopter specialists. With 
such an outstanding indigenous body of knowledge, the NPS 
should be one of the leading helicopter research institutions 
in the world. 

The U.S. Army sponsors three universities within the U.S. 
to conduct helicopter research. Called "Army Rotorcraft 
Centers of Excellence, " these universities include University 
of Maryland, Rensselear Polytechnic Institute, and Georgia 
Institute of Technology . [Ref . 4 1 : p.56] The Navy should 
endeavor to make the NPS a similar facility for conducting 
helicopter research for naval-related issues. 

With all of the composite parts of the HPH, a program to 
build an HPH will enhance the composite program and facilities 
at the NPS. There is a very real need to educate naval 
aeronautical engineers on advanced composite technology. Naval 
aircraft of the future, such as the V-22 and the A-X, will 
have significant portions of the airframe and associated 
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components fabricated from composite materials. The school 
already has considerably less well equipped composite 
facilities than other top-scale aeronautical engineering 
universities in the U.S. 

B. FLIGHT TEST OPPORTUNITIES 

Given the nature of the body of helicopter knowledge at 
the NPS, the particular strong point is flying knowledge and 
experience. A simple aircraft such as an HPH would allow some 
simple flight test opportunities without the tremendous 
difficulties involved in flying military aircraft. The HPH can 
be motorized and hover-power measured accurately for 
performance testing. A flight test course is currently taught 
within the department, and the aircraft would be an ideal 
platform for use in that course. Some of the flight test 
subjects possible for an HPH are presented in the following 
subsections : 

1 . Highly flexible aircraft 

Conventional aerodynamics assumes a rigid body; however, 
airframes are non-rigid and airframe flexure affects aircraft 
dynamic responses. Flight testing of highly flexible fixed- 
testing of the Light Eagle that parameter estimation and 
computational modeling became much more difficult and 
complicated than was previously thought [Ref. 42: p.349]. 
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2. Instrumentation research 

Developing ultra-light inflight instrumentation for the 
HPH could lead to further developments for flight test or 
operational use. The F-18 operational in-flight airframe- 
stress-monitoring-system was an NPS by-product and is an 
example of the type of instrumentation program that might 
originate from instrumentation research on the HPH. 

3. Flying Qualities 

The HPH can be used as vehicle to teach and study flying 
qualities. An understanding of the terms, influences and 
variables concerning flying qualities is important for all 
pilots . 

4 . Simulation 

In this era of budget tightening, flight time will become 
increasingly scarce. As a result, an increased emphasis will 
be placed on simulation with respect to earning and 
maintaining fleet qualifications. Just as it is important for 
fleet aviators to know about real aircraft and aircraft 
systems, so it is important to know about simulation and 
simulators. Creation of a HPH simulator will be a means for 
learning and applying those principles. An interdiscipline 
subject, simulation incorporates everything from flight test 
data to control systems to basic aerodynamics, and creates an 
excellent learning and research opportunity. 



82 



C. AREAS FOR FUTURE RESEARCH 



1 . Low Reynolds nvunber design and test 

Even though a previously designed airfoil was used for the 
HPH rotor blade, that is not to imply that a better one cannot 
be developed. Low Reynolds number airfoil development is a 
relatively unexplored field and is in need of research in a 
variety of areas. 

2. Flexible airfoil design and test 

An extension of conventional airfoil design is flexible 
airfoil design, where the surface coordinates vary as a 
function of the pressure on the surface of the airfoil at that 
point. To carry that concept one step further is to design a 
deformable airfoil where the airfoil shape can be modified in 
flight to achieve the desired flow characteristics. Research 
in perfecting a HPH rotor blade airfoil can lead to 
development in these fields. 

3. Deep in ground effect hover theory 

Ground effect theory begins to be difficult to extrapolate 
below a Z/R of about 0.2. An accurate ground effect model for 
low-induced-velocity rotors deep-in-ground-effect is not 
available. This is an excellent opportunity to perform classic 
aerodynamic research. 

4. Tip losses for low induced velocity rotors/wings 

Most rotor blade tip-loss models are semi-empirical and 
meant to apply to conventional helicopters. Their application 
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to very-low-induced-velocity inflows appear somewhat dubious. 
Investigation of conventional tip-loss theory to very-low- 
induced-velocity inflows is an area for future research. 

D . FOLLOW-ON WORK 

The present HPH design represents the best configuration 
for an HPH, given the present state of HPH theory. The design 
incorporates the most efficient design features and includes 
sufficient flexibility in construction and operation. Follow- 
on work in this field should be positive steps toward 
construction of a prototype, as opposed to more design and 
research. There is a great deal to be learned in the 
construction process. Most importantly, a positive step toward 
construction prevents the tendency to "over-design." In the 
case of this HPH, some of the theory is questionable, and 
further analysis will only needlessly complicate any further 
design modifications. The best way to move on is to build, 
flight test, refine and build again. 

Construction can be broken down into finite steps and 
phases capable of being accomplished by individuals performing 
thesis work. Since many portions of the project can be 
performed simultaneously, some of the next few steps toward 
realization of a hoverable HPH are presented below in no 
particular order. 
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1 . Main rotor spar 

Using the flight loads presented in this paper, a 
composite main rotor spar needs to be designed, fabricated and 
tested. Particular attention will need to be paid to the lay- 
up to minimize the blade twist and any resulting coupling. 
Test sections will need to be built and tested to ensure they 
comform to the design criteria. A means for connecting each of 
the sections and the blade grip needs to be designed, as well. 

2 . Main mast and reversing mechanism 

The main mast, rotor blade hubs, and reversing mechanism 
need to be built, fabricated and tested. A means for attaching 
the rotor blades, feathering the blades (if flaps are not 
used) and bearings and gears will need to be designed and 
fabricated as well. 

3 . Ergometer 

The structure of the ergometer is built, but the 
instrumentation needs to be completed. Anthropometric data 
and, power/gearing data resulting from testing on the 
ergometer will be needed to design the undercarriage. 

4 . Main rotor blades 

Construction of the rotor blades will require a tremendous 
amount of manhours. Construction includes fabrication and 
testing of ribs, and designing a means of fixing the ribs to 
the spar. Construction of a test section will be needed to 
determine rib spacing and qualify construction techniques. 
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Critical to the construction of the rotor blades will be 



developing an efficient means of adhereing the Mylar to the 
ribs to create a perfectly smooth, unwrinkled surface. 

5 . Undercarriage 

Specific design and fabrication of the composite 
undercarriage, to include the seat, seatback crank hub and 
support structure is needed. Information regarding dimensions 
and optimum configuration from the ergometer will be necessary 
before the design can be completed. 

6. Flight control system 

Development of a flight control system includes estimation 
of airframe parameters, and sizing and shaping of the 
winglets. The pilot controls and a scheme to transfer the 
inputs to the rotor blades need to be developed. 

7 . Construction of a simulator 

A simulator will be used to select and train the pilot. 
Construction of a simulator includes adapting the pilot 
controls and interfacing the pedalling resistance with video 
and controlling computer. 

E. SUMMARY 

The aerodynamic and structural theory required to design 
a human-powered helicopter goes well beyond the limits 
established for conventional helicopter design. As a result, 
the basic tenets of helicopter design have been extrapolated 
to the extreme limits in order to design a machine capable of 
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being hovered for one minute on one "humanpower . " All of the 
fields incorporated in helicopter design--aerodynamics , 
structures, materials, controls, and propulsion — have been 
combined to create the most simple and efficient helicopter 
possible. The result of this design is a helicopter that is 
capable of generating over 310 lbs of thrust per horsepower. 

This HPH is a 72 ft diameter, co-axial design with two 
blades on each rotor. The rotor blades have a constant chord 
of 4.5 ft out to 0.67R where they are linearly tapered with a 
taper ratio of 1.8. The DAI 1135 airfoil was selected for its 
high power factor , low pitching moment, and tolerance 
to surface imperfections. The airfoil was specially designed 
to limit seperation bubble losses at a Reynolds number of 
500,000 with the specific intent for use on human-powered 
aircraft. Consequently, the rotor blades were designed — 
keeping ease of construction in mind — to maintain the Reynolds 
number as close as possible to 500,000 over the outboard half 
of the rotor blade. The final design keeps the Reynolds number 
within 86,000 of 500,000 over the outboard half of the rotor 
blade. Various methods of energy management are explored 
including using tip weights and using bending-to-torsion 
coupling in the composite rotor blade spars. 

Performance calculations were performed with a Fortran 
program using blade element theory. A vortex lattice method 
was also used to verify the blade element results, to provide 
a more accurate representation of blade lift distribution for 
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structural design purposes, and to provide circulation values 
for the various blade stations. Various ground effect theories 
were used, their results compared, and discrepancy rationale 
discussed. The effect of inflows on the lower set of blades 
were calculated using a two-part induced-velocity model for 
the upper blade, and the effects included in the performance 
estimation. Although the power required to hover is a function 
of the ground effect theory applied, the helicopter will 
require approximately 1.25 hp to hover at 3 meters, and 0 . 8 hp 
to hover just clear of the ground. 

Human-power management is as critical as the aircraft 
design itself and was studied exhaustively. A scheme for 
calculating human power output versus time for different power 
levels was devised using Miner's Rule for cumulative fatigue 
damage to structural components. An ergometer was built to 
test, select, and train the pilot, and to provide optimal 
anthropometric and drive system data for undercarriage design. 
Design and construction of past human-powered aircraft was 
studied to glean ideas and learn from their mistakes. The 
final result is a HPH capable of achieving an historical 
milestone of international stature by winning the AHS 
sponsored Igor I. Sikorsky Award for the first human-powered 
helicopter . 

In a speech given by Dr. Paul B. MacCready to a group of 
researchers he outlined his distinguished record of 
achievements in human-powered and solar-powered vehicles. He 
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stated that among the reasons for pursuing endeavors such as 
these was "...changing attitudes and stimulating technology. 
[Ref. 43]" The helicopter is an aircraft of unparalleled 
versatility with a somewhat maligned reputation. Recent events 
such as the helicopter gunship successes in the Gulf War, have 
helped to educate the general public regarding the 
helicopter's true capabilities and versatility. In pursuing 
the goal of building a human-powered helicopter, the project 
helps create a positive awareness of the helicopter that has 
historically been somewhat deficient. 

Dr. MacCready also makes the point that attitudes have 
been more important in shaping technological history than 
technological innovation itself. He cites as an example, 
Charles Lindbergh' s Atlantic crossing as providing the public 
awareness of aviation that generated the spirit and motivation 
for many of the tremendous aviation developments of the 
era. [Ref. 43] This project — to develop, build and fly a human- 
powered helicopter — is such a project. 
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APPENDIX A: FIGURES 



Figure A-1 




ROTOR BLADE VORTEX DISTRIBUTION. 
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ROTOR BLADE THRUST LOADING 
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Figure A-2 . ROTOR BLADE THRUST LOADING. 
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Figure A-3 . ROTOR BLADE INDUCED VELOCITY. 
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Figure A-4 . ROTOR BLADE IN-PLANE DRAG. 
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ROTOR BLADE STATION (ft) 



ROTO"^ BLADE PITCHING rviOMENT 
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Figure A-5 . ROTOR BLADE PITCHING MOMENT. 
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BLADE STATION i ft] P»c*trc r.*TiPt.OT V?c. 

' ' CofT»C)v: Pralei><ooo 5er 



APPENDIX B: TABLES 



Di-At ' f 


STATION 


CHORD 


l•’T•/tIOLDS 


IHL'UCED 


i 


ft) 


(11.) 


NUMBER 


VELOCITY 



{ f I /sec) 





■LlEnoOOS 


4 . 5 


‘T3. 587 


0 . 84087288 




17499990 


4 . 5 


] 33.958 


1 . 00602007 


*7 


L 2500000 


4 . 5 


174,329 


1 . 14764357 


P . 


■'■7499962 


4 . 5 


214,700 


1 . 27361500 


1 n 


12500020 


•1 . 5 


255,071 


1 . 30820195 


i ' 


‘>7499980 


4.5 


295,442 


1 .49402618 


1 ; 


■2499940 


4 . 5 


3 35,813 


1 . 5‘;i283495 


J ^ . 


.17500000 


4 . 5 


376, 184 


1 . 68586266 


1 


02499960 


4 . 5 


416,554 


1 . 77401865 


n'i 


'.7499920 


4 . 5 


456,925 


1 . 85799658 




■12499890 


4 . 5 


497 , 296 


1 . 93833959 


ji . 


97500040 


4 . 5 


537,667 


2 . 01548266 




0 2500 000 


4 . 5 


'■.78,038 


2 . 08977985 


r: 


27499960 


4 . 27 


506,344 


2 . 1 0473919 


, , 1 * 


'2499920 


■1 . 93 


575,023 


2 . 08577005 


AO . 


■■'7499890 


3 . 60 


559,321 


2 . n':.566692 


'll , 


2' 2500040 


3 . 27 


536,838 


2 . 01392794 


1 


07500000 


■ 2:93 


508,375 '■ 


1 . 95981097 


^ ■; 


■•2499770 


2 . 60 


473,930 


1 .89225423 



Table B-1. ROTOR BLADE STATION REYNOLDS NUMBERS. 
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RO'fOn STATIOfJ 
(FT) 



1 . OOOOOOOfl 

3.00000000 
f) . 0000000(1 

7.00000000 

9.00000000 

1 1 . 00000000 
13 . 0000000(1 

1 3. 00000000 

17 . 00000000 

19 . 00000000 

21 . 00000000 

23.00000000 

25 . 00000000 
27. OOOOOUOO 
2Q . OOOOOOOO 
3] . OOOOOOOO 

32 . 50000000 

33 . 50000000 
3^.50000000 

35.50000000 



CIRCULATION 
(sq ft/sec) 



1 .53017079 
4.50750963 
7 . 63552904 
10.66722390 
13.67425540 
16 . 64600000 
19.56073700 
22.42279050 
25 .17900970 
27.79636190 
30.19905960 
32 . 25499730 
33.59304540 
34.03530510 
33.75513460 
33.12071550 
30.47932240 
27.64979930 
23.01584930 
17.36374090 



bf.AOE 8TATI0N 


THRUST 


DRAG 


(ft) 


(lb) 


(lb) 



3.82500005 


0.13327463 


0.07933240 


'>.47499990 


0 . 27305669 


0.16253854 


7 . 12500000 


0.46243008 


0.27526936 


0 77499962 


0.701421 14 


0.41752487 


10.42500020 


0.99000359 


0.50930522 


12.07499980 


' .'-^1.32010604 


0 . 79061025 


1 3 . 72499940 


1.71596837 ■ 


1 . 02143991 


15 . 37500000 


2.15335131 


1 . 28179455 


17.02499960 


2.64033365 


1 . 57167363 


18 . 67499920 


3.17691660 


1 . 89107752 


20.32499890 


3.76309096 


2 . 24000597 


21 .97500040 


4 .39088239 


2.61845970 


.■'3 . 62500000 


5.08426619 


3.02643024 


.'5 . 27499960 


5.51751041 


3.28432918 


26.92499920 


5.77223025 


3.43595767 


57499890 


5.95041323 


3.54201690 


3U . 22500040 


6 . 04101038 


3.59594560 


31 .87500000 


6.03300058' 


3.59118247 


33.52499770 


5.915.38620 


3.52116704 



Table B-2. ROTOR BLADE STATION CIRCULATION. 
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APPENDIX C: HPH COMPETITION RULES 



American Helicopter Society 
Igor I. Sikorsky 

Human Powered Helicopter Competition 

A prize of $2U,0OO is offered by the American Helicopter 
Society for a successful controlled flight of a human powered 
hel Icopt er . 

This competition shall be conducted under the following 
regulations and conditions laid down by the Human Powered 
Helicopter Committee of the American Helicopter Society, and 
shall be witnessed by the National Aero Club (NAC) who is tiie 
national representative of the Federation Aeronautlque 
Internationale (FAI) . In the United States, the national 
representative of the FAI is the National Aeronautic 
As sociat ion (HAA) • 

Note: The AHS has been advised by the Federal Aviation 
Administration ( FAA) that, in the United States of America, 
registration and airworthiness certification will not be 
required for machines built for this competition on the 
assumption that all flights will be limited to close 
proximity to the ground and will generate no interference 
with air commerce. All intending entrants are strongly 
advised, during trials, to hold adequate Insurance coverage 
for all third party risks and to take every precaution 
against Injury to people and damage to property. It is 
expected that competitors in countries other than the U.S.A. 
will observe their own national flying and insurance 
reg ula t io ns . 



REGULATIONS 



1 . GENERAL ^ 

1.1 The prize will be awarded by the AHS to the entrant 
who first fulfills the conditions. 

1.2 Additionally, an attempt will be registered with the 
Federation Aeronautlque Internationale (FAI) as a 
World Record for Hum an -Po wer ed Helicopter Flight 
duration. 



2. ’ PR 12 E 

2.1 The AHS prize is $20,000 in U.S. currency. 
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3. ELIGIBILITY 



3.1 The competition is international and is open to 
Individuals or teams from any part of the world. 

3.2 For any and all questions regarding the acceptance of 
entries, eligibility of an entrant, pilot, crew or 
aircraft under the regulations, or any other matter 
relating to the MIS prize, the decision of the AHS is 
final . 

3.3 All questions regarding the world record attempt will 
be governed by the spotting code of the FAI and rest 
exclusively with the MAC. 



4. CONDITIONS OF ENTRY 

4.1 Ai r craft 

4.1.1 The machine shall be a heav ie r - than- ai r machine. 

The use of 1 ig liter- than- a i r gases shall be 
prohibit ed . 

4.1.2 The machine shall be a rotary wing configuration 
capable of vertical takeoff and landing in still 
air, and at least one member of the crew shall be 
no n- to ta t i ng . 

4.1.3 The machine shall be powered and controlled by the . 
crew during the entire flight, including 
accelerating the rotor up to takeoff speed. 

4.1.4 No devices for storing energy either for takeoff or 
for use in, flight shall be permitted. Rotating 
aerodynamic components, such as rotor blades, used 
for lift and/or control are exempt from 
consideration as energy storing devices. 

4.1.5 No part of the machine shall be jettisoned during 
the flight Including the rotor spin-up and takeoff. 



4 . 2 Crew 



4.2.1 The crew shall be those persons In the machine 
during takeoff and flight, and there shall be no 
limit set to their number. 

4.2.2 No member of the crew shall be permitted to leave 
or enter the aircraft at any time during takeoff or 
fl ig ht . 
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4.2.3 No drugs or stimulants shall be used by any menbet 
of the crew. An assurance must be given to the 
official observers at the time of the attempt that 
this requirement has been met. 

4.2.4 Up to two handlers or ground crew shall be 
permitted to assist in stabilizing the machine 
during takeoff and landing, but in such a manner 
that they do not assist In accelerating or 
decelerating any pact of the machine. 



4.3 Ground Conditions 

4.3.1 All attempts, which shall include the takeoff, 
shall be made over approximately level ground 

( i .G . , with a slope not exceeding 1 in 100 in any 
direct ion) . 

4.3.2 All attempts shall be made in still air, which 
shall be defined as a wind not exceeding a mean 
speed of approximately one meter per second (3.1 
kilcmetecs pec hour, 2.237 statute miles per hour, 
1.5 nautical miles pec hour) over the period of the 
flight. 



4.4 Flight Requirements 

4.4.1 The flight requirements shall consist of hovering 
for one minute while maintaining flight within a 
10-raeter square. During this time the lowest pact 
of the machine shall exceed monentacily 3 meters 
above the ground. 

4.4.2 The machine shall be in continuous flight from 
takeoff to landing, and at,>no time during the 
flight shall any pact of the machine touch the 
g ro und . 

4. 4.3 A reference point on the non-rotating pact of the 
machine will be established as a means whereby the 
observers can judge that the machine stayed within 
the confines of the 10-meter square. 

4 . 4.4 The one minute hovering time and the momentary 

achievement of 3 meters altitude is required to win 
the AMS prize. (However, the FAI 1900 regulations 
specify that only the duration of the flight and a 
momentary achievement of 3 meters altitude will be 
recorded for the FAI world .record attempt, making 
it possible to achieve a world record without 
satisfying the Alls prize requirements.) 
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4.5 



Obse rvat ion 



Every attempt shall be observed by the MAC or by any 
persons authorized by them to act as observers. It may 
take place in the competitor's own country If it is 
affiliated with the FAI . In a country not so, it could 
be advantageous to conduct the flight In a neighboring 
country whicli is so affiliated. 

5. APPLICATIONS FOR ENTRY 

5.1 Entry forms shall be obtained from and returned to 
the American Helicopter Society, 217 North 
Washington Street, Alexandria, VA 22314 , (703 )604- 
6777. 

5.2 The entry fee shall be O.S. $15 (made payable to the 
American Helicopter Society). 

5.3 Each entry form shall contain an application for 
official observation of the competitor's attempt. 

5.4 The entrant shall undertake to abide by the 
conditions for official observation as set out on 
the entry form and application for official 
observation and shall undertake to defray all 
expenses incurred in connection with the official 
observation of the attempt. 

5.5 The following fees and charges are made by the NAA 
for record attempts in Class I, Human Powered 
Aircraft. ^ Al 1 attempts shall be for national and 
International records. 

5.6 Final notice of the proposed time and place of the 
attempt requiring official observation may, if so 
desired, be sent to the AHS later than the entry 
form. It must in all cases be received at least 
thirty days before the proposed date for the 
attempt. This time Is required by the NAC (the NAA 
in the U.S.A.) to arrange for official observation. 
Applications will be considered in order of receipt. 

5.7 Membership In the appropriate NAC and an FAI 
Sporting License is required for all crew members 
taking part in this competition. Application forms 
may be obtained from the NAC of the AHS. For this 
competition, a pilot's license is not required. 
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6 ; GENERAL CONDITIONS 

6.1 I nsu ranee 

The entrant must take out on behalf of himself, his 
crew, representatives or employees, liability 
Insurance in such form and mount to be specified by 
the AUS, to indemnify the American Helicopter 
Society, the MAC and the FA I against any claims. 
Evidence that such insurance has been effected must 
be submitted with the application for official 
ob se rv a t ion . 

6.2 Revision of Regulations 

6.2.1 These regulations shall remain in force until such 
time as the AHS considers it necessary to amend 
them, or the prize has been won. 

6.2.2 The AHS reserves the right to add to, amend or omit 
any of these regulations and to issue supplementary 
regulations . 

6.3 Interpretation of Regulations 

The interpretation of these regulations or any of 
the regulations hereafter Issued rest entirely with 
the AHS. The entrant shall be solely responsible to 
the official observer for due observance of these 
regulations and shall be the person with whom the 
official obsarvers will daal in rospoct thereof, or 
any other questions arising out of this competition. 
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APPENDIX E: FORCE TRANSDUCER 



iriTzerface SEALED SUPER-MINI LOAD CELLS 




Model SSM 100 




Model SSM AF-500 



FEATURES 



• Ultra Precision 

• Excellent Linearity 

• High Repeatability 

• Thermally Compensated 
RATED CAPACITIES: 50. 100, 250, 500, 

(222H, 445H. 1112H, 2224N, 333E 



• Low Moment Sensitivity 

• Low Cost 

• Easily Installed 

• NBS Handbook 44 Sealable 
750, 1000. 2000, 3000. and 5000 pounds 
J. 4448H, 8896N, 13345H. 2224 1H) 



The Seated Super MInf loed ccH Is a precision strntrr page toad cell which fs weierproof end barometrlcelly 
Insensitive. It Is designed tor testing, welgtilng & torcn mensurements In tension & compression, tntortace's 
eppllcetlon of proprletery edvenced moterlols technology. In strein gege and Hcxure design, produces toed 
cells with the highest accurecy In the Industry yet priced competitively with lower performance units 
These rugged cells have no moving parts to wear out or got out of ed|uslmerit. The speciticatlons listed below 
tllustrete the superior performance of tnterlacn Sealed SSM Series loed cells and ere e major Inctor In Iheir 
worldwide acceptance In applications suclr as struclurel lorce testing, thrust rneasurernertl. steolyerd rod 
converelons (to 11 -44, end OIML requirements), conveyor scales, check welgtiers, counting end wtilie scales, 
tensile testing and angine dyrinmomelars 

For metric applications see Metric Seeted Super Mini Scries ottering SOON, 1000N, 2000N, and 500014 capecllles 
and metric mounting threads 

For eppllcetlons not requiring waterproof sealed units, see the Super-Mint series of loed cells wlltr Moisture 
Rosisleni (MB) coaling. 

SPECIFICATIONS- ■. 



Non Lfneerlly— Beted Outpul 

Hyslerosls— % Baled Output 

Non Repoelobfilly— % Baled Outpul 

Tompereiure Bongo. Compensated— *F (- 15* lo 65®C) 

Temperelure Benge, Operetlng— *F (-55* lo 90®C) 



Tompereiure Ellect on Reled Output—®/^ ol Betiding/ 1 00®F (®,b of Beedlng/55.6®C) 
Temperelure Ellect on Zero— Beted Oulpul/100®F (®.b of Beied Oulpul/55 6®C) . 

Creep, Alter 20 Min.— Reled Output® 

Overfeed Belings— % Reled Copeclly 

Sele 

Ultlmale 

Nominal Output— mVA/ . 

Zero Balance — % Beted Output . 

Input Beslstenco— Ohms 

Outpul Resislenco— Ohms 

Exclietlon Voltage 

Becommondod— VOC 

Insulation Resistance, Bridge lo Case— Megohms 



±0 05 
±0 03 
±0 02 
0 lo 150 
- 65 to 200 
±0 00 
±0 15 
±0 03 



± 150 
± 500 




■;~350 r50/ - 3 6 
. 350±3 5 



10 

5000 



(1) P«r SMA "toed CpS T»»mlnorogy eod DorinHloni". 

(?) Cr«*p ■p«clMc*lk>n t« del«tmln«d m oled c«pAClry Ctefp potfoitnincs «| f«duc«d toadf b pior>0)llonBl fo lti« applied loed 



Ox-r-B-H t Hiif nr*c« *< 
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SEALED SUPER-MINi' L l 5 AD"ULLL: 



INSTALLATION DIMENSIONS 



MODEL 


A 


B 


C 


0 


"-M 50 


2‘/i 


2 




% -28 UNF -2B 
V* deep, lop & bottom 


w “ DU " 

mm 


64 


51 


22 


''*'11 100 ■^''0 .. 


2’/i 


2 


V« 


•/. 28 UMF-2B 

V'. deep, lop & bottom 


mm 


64 


51 


19 


SSM 500. 750. toch 


3 


2 


l'/« 


W-20 UNF 2B 
Vi deep, lop & bottom 


1000. 2000. 3000 mm 


78 


51 


32 


— M 'non 'RCh 


3 Vi 


2W 


IV. 


»; 18 UNF-2B 
V* deep, top & bottom 


o5>MoOOvl 

mm 


89 


64 


44 



TENSION LOAD PRIMARY AXIS 









ELECTRICAL INFORMATION 

The SSM-50 Ihfu SSM-250 Is supplied with a 4 conneclor shielded ceble (AWQ28) lO fl (3m) long The SSM 500 thru SSM-6000 load cells ere 
supplied wllh a fugged cable (PVC JecKel AWQ22) 10 II (3ni) long or e BendU PC04E-10-6P conneclor. A PC06W* 10-6S mating conneclor Is 
evelleble al addlHonel cost. 



Conneclor 

(SSM. 500 thru 5000) 


Ceble 

(All Models) 


Pin 


Function 


Color 


Function 


A 


-f Excllellon 


Red 


4 Excllellon 


B 


■f Oulpul 


Green 


4 Oulpul 


C 


.•Output 


White 


- Oulpul 


0 


- Excitetlon 


Bleck 


- Excllallon 


E 


No Connection 


Shield 


No Connection 


F 


No Connacllon 








Wiring Code Compiles wllh ISA S37.0 "Specificellon end Tests lor Sirein Qage Force Trensducers” end SMA Loed Cell Terminology. 



APPLICATION NOTES 

I . The Seeled Super-Mlnl loed cell Is spocUlcelly designed lor ouldoor 
usege ar>d ttius cen be used In scele pits end belching plnnls or other 
locetlona thel are directly exposed to the weather. 

2 Al leesi one diemeler threed engegemeni la desirable: normal 
engegement Is ehown below: 

SSM-50 thru 250: (6mm) lo V^” (1 2mm) 

SSM- 500 thru 3000: Vi** (12mm) to %*' (t6rnin) 

SSM- 5000: (t6mm) to V«** (1 9mm) 

3 SSM-50 Ihru ar>d Including SSM- 1000 ere er>odlted elumlnum All 
other units ere electroless nickel pleted aleel. 

Bottoming out of tha mounting alud can cause Irreparable dar 



4. Jem nuts mey be used; however, cere ehould be exercised lo limit 
U>e Inslelletlon torque as lollows: 



SSM SO. 20 Inch pourxts (2 2M.m) 

SSrjt too thru SSM 250: 40 Inch pound* (4 SM-m) 

SSM 500 Hiru SSM -1000. 200 Inch pourvds (22 SrPm) 

SSM 2000 and SSM 3000: 600 Inch pound* (eOH-m) 

S^M 5000. lOOO Inch pourKt* (ll3N>m) 



5 The lorce lo be measured should be applied lo the eclive end ol the 
cell lo ellmlneie possible errors due to ceble Inlerecllon. The eclive 
end ol |he celt Is seperaled Irom Ihe ceble/conneclor aide by the slot 
(cutout) In Ihe Ilexure (the aerlel number la alwaya ehown on Ihe 
Inactive side ) 

to fha load call. 



TERMS AND CONDITIONS 

t Ordering fnfomtetton' Seeled Supnr Mlnia are ordered by snecllying 
Series (SSM). Model (AJ tor cable or AF lor connector) and capacity 
(50 through 5000 Ibs.) f*emp/e SSM -AJ- 250 or SSM AF-tOOO. 

2 Pricing: Consult your local Inlerfece Raprasenlatlve or Ihe teclory 
lor price er>d delivery. 



3. farms. Net 30 deys In U S dollera, FOB Scotladala, Arlrone U S.A. 

4. IVarranry; Interlace. Inc.*a standard two-yaar warranty Is applicable 
lo Ihe Seeled Super Mint Series loed cell. Interface. Ir>c ceniltes that 
Its calibration measurements ere traceable to Ihe U S. National 
Bureau ol Standards (NBS). 



Pricea end spoclllcollons subject to change whhoul notice. 



imierface 

AOVANCED FORCE measurement 



INTERFACE. WC • T40I 6 OUlllERUSOR • SCOrTSOALC. ARIZONA 63290 USA . |e02) 646 tSSl • TCI EX: S26 SaS 



15 Zn 7S7 SK 
rrtnJ«d Si U 6A 
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APPENDIX F: COMPUTER PROGRAMS 



0( 1(10 3 C 
(lOiJO 1 C 
Miimi.O (7 ■ 
minnO 
(11.1(107 
(i(ii)on 
(Hinno 
oom 0 
(Idol 1 
(l(H)J 2 c 
(icioi 3 
0001^1 
Oiii.) 1 5 

tiool 6 

00(1 1 7 
dOOJ 0 
ono j 9 
00020 
00021 
00022 C 
(10023 
O002-J 

00025 

00026 C 

00027 
(10020 
( 10029 
(.)00 3(J C 
1)0031 C 
00032 (7 
00(13 3 r 
0003} C 

00035 

00036 

00037 C 
(10030 
00039 

00030 

00031 

00032 C 

00033 
00033 
00035 c 
0003 G c 
00037 c 
00030 c 
00039 c 

00050 

00051 

00052 

00053 C 



1015 PROGRAM WILL COMPUTE THE LIFT FOR A FOUR DLADED 
IILLTCOPTER USING BLADE ELEMENT THEORY 

■rni: program uses a linear taper for the outboard 33 % 

I ;i A L D , C , R , RR , 0 , E , N , V I , A , X J IR , RE , V , or , M , CT , CR , H 1 , B2 , ID . TC 
I ' f AL L , TST , TS3 . Q . OT . TS , I V . I V3’ . I VTA , CM . MT 
IT' I NT* INPUT ROK.'R RADIUS IN FEET: ' 

LEAD* ,RR 



"E" IS THE OFFSET 
E'- ' 

i'l; iNT* . ‘ INPUT THE ROOT CHORD AND TIP CHORD IN FEET: 
Nl.AD* ,CR,CT 

!'!. INI'*, 'INPUT THE ROTOR RDM: ' 

READ*. OR 
'1 'iR*3. 1316/30 



"J" IS THE NUMBER OF BLADE ELEMENTS 

3 30 . 0 

I ;i 
77T-0 

Cl, Cd. 6 Cm ARE FOR DAEll AIRFOIL 

(,'-1.3506 
CD 0.01177 
Civ-0. 11 

IIIESE VALUES ARE FOR 0 AOA-FOR FLAT PITCH 

CL- .5785 
c!i- .01018 

I llI IS lNn.(.iW ANGLE AND IS EQUAL TO THE 
BLADE ANGLE. 8 DEGREES FOR DAEll. 

rri'-0/57.3 

1(1 ACCOMODAIE TIP LOSSES 
JO -1-CT/ (2*RR) ■ .c- 

TC =250/ (3. 1316*RR* *3*0.0023767*0) 

B.:;-l-SQRT(2*TC)/2 



]'R-(RR-E)/I 



"DR" IS THE LENGTH OF THE BLADE ELEMENT 



( •: 'I- N (10, FILE- ■ TIIRI 1ST . DAT ’ , S TATUS- ' NEW ' ) 

('I 1;N(11 , file- ■ drag . DAT* .STATUS- 'NEW* ) 

( T EN (12, FILE- * REYNOLD . DAT * , STATUS- * NEW * ) 

OPEN (13, FILE- * INDVEL.DAT* . STATUS- * NEW * ) 

"1*EN( 13, FILE- 'MOMENT.DAT* , S lATUS- * NEW * ) | 

I 

110 100 H-1,I 

R-DR*N-DR/2iE 

"M" IS THE SLOPE FOR THE EQUATION FOR CHORD 
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00054 

00055 

00056 

00057 

00058 
0 0059 
00060 
00061 
110062 
00063 

00064 

00065 

00066 

00067 

00068 

00069 

00070 

• 10071 

00072 

00073 

00074 

00 07 5 

00076 

00077 

00078 

00079 
(10080 
O0081 

• 10082 

00083 

00084 

00085 
• 10086 
(.10087 
00008 
00009 
U0090 

00091 

00092 

00093 

00094 

00095 

00096 

00097 
1)0098 
0(.')099 
onioo 

001 01 
00102 

NUMDER 

NUMBER 

O0103 



END IF 



V = R*0 








CALL REYNOLD ( 


C.V.RE) 






PRINT* , 'CHORD 


IS: ’ .C, ■ 


R- 


' ,R. ' Re-' ,RE 


WRITE(12.‘) C. 


R.RE 






L-4* .5* .07646* 


(0*R) * * 2 




DR*C/32. 17 


D-4* .5* .07646* 


(0*R) * *2 


' Cl)* 


DR*C/32. 17 



C "TS” IS IHE ELEMENTAL THRUST 

TS-L*C06(rni)-D*SIN(PHl ) 

TS4=TS/4 

IF (R.GT. (DI ‘RR) ) THEN 
TS4-0 
TS-0 
END IF 

WRITE! 10.*) R,TS4 

C "I V-INDUCED VELOCITY 

IV»SQRT(TS4/ (4*3. 1415* . 0023767*R*DR) ) 

C PRINT* , 'R-- ,R. • IND. VEL. =MV 

WRITE(13. * )R.C,RE, IV 

C "TST'*IS THE TOTAL THRUST 

TST-TS14TS 

C "ID"IS THE IN-PLANE DRAG 

ID=L * SI N( PH I ) +D*C0S(PI1I ) 

WRITEdl,*) R,ID 

Q-ID*R 

QT-OT^Q 

10(..i CONTINUE 

200 CONTINUE ’ ■' 

•LOSE (10) 

•.•1.<)SE (11) 

CI.OSE (12) 

•I.MSE (13) 

VT’RR*0 
Pi: I NT*.’ • 

rP[NT*,'THE TOTAL THRUST IN POUNDS IS:’,TST 
nr’=ftT*0/55U 

PRINT*. ’THE TPITAL HORSEPOWER REQUIRED IS: ’.HP 
I 'R1 NT*. 'THE TIP SPEED IS:’,VT 

PRINT*.’THE TIP LO.SSES (Bl AND D2) ARE’.B1.D2 
END . . ' 

OF WAI'.MINGS IN PROGRAM UNIT: 0 
OF ERRf.iRS IN PROGRAM UNIT: 0 

SUBROUTINE REYNOLD (C.V.RE) 
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0U104 NI-».>410*C*V 

IIU105' Ftll' 

IJIIMDER of WARIIIIIGS IN PROGRAM UNIT: 0 

NUr^DER OF EI?Ri''l'.‘> IN PROGRAM UNIT: 0 

NUMBER OF VMRmilGS IN COMPILATION : 0 

NUMBER OF 1;R':i;I:;J IN COMPILATION : 0 
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M< u i| 1 i 

(10002 
MdOO : 
00 00-1 
oiioor* 

Olio 0 0 
I > 0007 
OnOOP 
(Kjori 0 
0001 0 
ono I ! 

(1L»U1 2 

01) m 3 
oooio 

nO(J ] 0 
UOOl 0 
00017 
11001 n 

000 I 9 
U0020 
0OII2 J 
00022 
(1002 2 
(iao2-=} 
(joozr. 

M(i02C) 

00(127 

''10020 

Oilt,i29 

(.)0(i30 
0003 J 
00032 
nOl)3 ?' 

00031 

OM03S 
000 30 
110037 
00030 
)I0039 
000-^10 
oni'Ml 

(HJ04 2 
OUO'43 
nOO’4-l 
0O040 

(JOO-47 
CMjO^in 
(I no 40 
«^005(j 
00051 
()0052 
'1005 2 



(! 
C 
( ' 
r 
c 
r 



r 

r ’ 
C. 
(' 
(‘ 
(' 
( j 

r 



200 



C 

r 



i 



C 

C 

r 

ion 



W ^ A w vof;. I'EX lattice nnilOD"’'*** 



'IHlS PR(3GRAD1 (^oMl^UTEO THE LIFT OVER A ROIOR LLADE 
.1NG THE VORTEX I.ATTK'E riETIlOD WITH OlILY OHE ClIORDWISE 
CAMEL. THE COORDINATES nV ‘HIE PANELS AND CONTROL POINTS 
:*‘:r UP AS IN UEV.y.Z p.27 C TO MODIFY THE PROGRAM. THE PANEL 
'••ordinates NEED TO BE pdf INI-Q A FILE CALLED VLM2.DAT. THE 
A! Is’AY VARIABLES IN LINES 0(00.0002,0010 AND 0092 NEED TO BE 
.•^•^I^STED TO 'HIE NUMBER OF I’ANELS. THE PROGRAM USES THE VALUE 
•>! AIR DENSITY FOR STAm»ADD liAY SEA LEVEL. THE VALUES FOR 
^'•4!3:^A, ROTOR DIAMETER. AMD ANGLE OF ATTACK APE MOT PROMPTED ANDII 
M* ED TO BE ADJUSTED IN TME DUDY OF THE PROGlv'AM. THE SUBROUTINE 
GAUSS IS MODIFIED FROM TTfE PROGRAM GIVEN IN REF. 23 p. ;m>t 

•}"E PROGRAM OUTPUT’S TWC) ni.ES: GAMTTA.DAT WJIJCM IS A DATA FILE 
'• ilTAINING (IN ORDER) L'‘ U oR BLADE ST'AT’ION AMLi CIRCULATION, AND yS|| 
V.^ M3. DAT WHICH CONTAINS THE ROTOR BLADE STATIOU AND LIFT AT THe|I| 




••-NTROL POINT, 



; ' AL X(20) , Y(20) .X I (20) .X2i20) . Y1 ( 20 ) . Y2 ( 20 ) . A 
IN AL WI ,W2,W3.WT,W5,W(20, 21 ) .W6,L(20) .GAMMA (20) 
'2AL OMEGA.B, ALPHA. LIFT* 

•'MEGA-. 830 

OME(u'\ -ROTOR SPEED IN RAD/SEC 



)\- 



/. PMA= . 1396 
: 20 



DIAMETER 

ALPHA-ANGLE OF AT TACK IN RADIANS 



•I EN(12,FILE 
DO 200 I-l.Z 
READ( 12, ME. X( 1 ) , Y( ] ) 
PRINT* , E,X(I) ,Y(I) 
CONTINUE 



Z« •mi: NUMBER OF PANELS 
VLM2 . DAT ‘ . ST 7\T (TS- * OLD ‘ ) 



XU I ) , Y1 ( I ) , X2 ( I ) , Y2 ( 1 ) 



0SE(12) 



VLM2 
X ( I ) 



Xl( J ) 
X2(I ) 



m 

Hh’j 

I'AT CONTAINS HIE LA'nT'.'E COORDINATES - 
Y( I) ARE THE COORDINATES OF THE CONTROL ;; 

■> POINTS. "9>;i 

.Y1(I) ARE THE LEFT HAND CORNERS OF THE / i 



H'iRSESHOE VORTICES 



'UTINUE 



V2n ) ARE THE RIGHT HAIID CORNERS OF THE', 

HORSESHOE VORTICES 



!• ' 400 M=1,Z 
DO 300 M'=1.Z 



Wl-l/( (X(M) -XI (ID ) * (YlMl 



Y2(N) )-(X(M)-X2(N) ) 

I 



(Y(M)-Yl (N) ) ) 



W2- ( (X2 (N) - XI (N) ) * (X (M) XI (N) ) ^ ( Y2 ( ID - Y1 ( ID ) 
( ( (X (M) - XI (ID ) * ‘2 I (Yiri)-Yl (N) ) ■» *2) * *0 . S) 



(Y(M)-Yi (N) ) 



W3“( (X2(N)-X1 (ID ) * (X(M) X2(N) ) i (Y2(N)-Yl (N) ) * (Y(M)-Y2(N) ) )/ 
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I 



«» 



OMiir* } 




( ( (X(M) -X2 (ID ) * *2 1 (Y(M) -Y2 (N) ) * *2) * *0 . 5) 


11005!' 






00050 




W'1- ( 1/ (Y1 (N) -Y(M) ) ) * ( 1 M X(M) -XI (N) ) / ( (X (M) - XI (ID ) * ‘2 


nnor>7 




+ (Y(M)-Yl(ID ) * *2) “ 0 . 5) 


00051’. 






0005'.* 




W5-( 1/ (Y2 (N)-Y(ri) ) ) ' ( 1 1 (X (M)-X2 (N) ) / ( ( (X (M) -X.l(N) ) * * 2 


00060 




7 +(Y(M)-Y2(in ) * *2) “0.5) ) 


0MII6 I 






0006;: 




W0“W1 * (VJ2-W3) 1 W 1 W5 


U()()61 




IF (Q.EQ, 2) Wr.- W6 


0006-1 




W(M,N)-’W(M,M) 4 WO 


n006f- 


000 


CONTINUE 


0000 h 


•100 


r'-flTINUE 


0 0067 










D IO.EQ.2) GO TO 500 


00009 






f.H'mvn 




' 500 N-1,Z 


iinoyj 




Y1 (H)“-Y1 (M) 


0007.;; 




Y2(N)“-Y2(N) 


00073 


500 


' ‘IITINUE 


0007 1 






00075 




1 1 2 


00070 




'•no 100 


0UU77 






0D07M 


90!) 


I'tniNUE 


00079 






oooou 




17: 915 N=l.~. 


O0(J0 1 




Y1 (N)“-Y1 (N) 






Y2(N)=-Y2(N) 


00()8 3 


9 1 5 


' MITIHUE 


nooni 






OOGOO 




11 Z 


fmono 






01^007 




D(.) 930 I'l.N 


00000 




VMI,N+l)-=-l 


00009 


0 3!) 


CONTINUE 


00090 






00091 




C/M.l. GAUSS (N.W) 


onoo:: 




MINT*,’ Wd.nm’,' GAt*lMA(N) • , ’ LIFT 


000 9'! 




FFINT* , ' * , • ’ , ‘ 


QUO 9-) 






0U09'> 




! I;N (10, file-* gamma. DAT’ , ’J PATUS- • NEW ) 


1)0090 




!iO 950 I-1,N 


00097 




GAMMA ( I )=W( I . NU ) ‘ 1 * 3 . 1 ■116*Y( I ) ‘OMEGA* ALPHA 


00090 




L( I ) -2*GAM1'1A ( I ) * . 00.23767* Y( I ).*OMEGA* ( Y2( 1 ) -Y1 ( I ) ) 


00099 




PRINT * .W( I ,N> 1 ) .('AMMA ( I ) ,L( I) 


OOiOU 




WRITE (10,*) Y( I ) .GAMMA( I ) 


00 10 1 




LIFT=LIFTiL( 1 ) 


001 o:j 


950 


c-ONTINUE • 1 


00 1 0 '1 




' i.:.>SE (10) 


no 1 0-1 






00105 




I'l-.INT*. ’THE TOTAL LIFT 1 S : ’ . LI FT , * 1 bs ’ 



(101 Of' 
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On 1 07 


, 


nlM .H ( 10 , FILE- ‘ VLM3 . DAT ' , STATUS- ' NEW ’ ) 


00 ] no 




|H3 960 I-1,N 


on 1 09 




WRITE (10, * )Y( 1 ) ,L(T) 


0011 0 


960 


• CONTINUE 


00 11 1 




('l.ciliE (10) 


00 1 12 




l;iid 


lIlltiOF.l 


2 or- 


WARinilGS IN PROGRAM UNIT: 0 


IliiMDr.R OF 


ERRol.r; IN PROGRAM UNIT: 0 


on 1 1 ?, 




; :i ini lOUTINE GAUSS (M . W) 


00 1 14 




PFA J EPS , EP£2 . DET , TM , R , VA . TEMP 


Onl J 5 




m i'2XlER PV 


001 1(5 




REAL W(20,21) 


001 17 




Fixe -1.0 


00 1 J 0 


10 


]1' ( 1 . OfEPS.GT. 1 . (j)TIlEN 


00 1 1 9 




EPS- EPS/ 2 


00120 




GO TO 10 


00 1.2 1 




FIIIUF 


00122 




EP::-EPS*2 


00 1 2 3 




I Rinr* , ‘MACHINE EPSILON=‘ .EPS 


0012 1 




EP:.'. =EPS*2 ■ 


0(.U20 




[’FT-l 


00 1 20 




D" 1010 I-l.N-1 


001 27 




I'V-I 


00 J 20 




1>0 20 J-I + l.N 


00 1 29 




IF (ABS(W(PV, 1) ) .LT. AD3(W(J,I))) PV-J 


00 J 30 


20 


‘ONTINUE 


001 .11 




IF (PV.EQ.I) GOTO 1050 


00 1 32 




DO 30 JC“l,Nil 


00 1 3.3 




TM-W(I , JC) 


00134 




W(I. JC)-W(PV, JC) 


00 1 15 




W(PV,JC)=TM 


00 I 30 


30 


CONTINUE 


00 1 37 


1045 


DET-DET* (-1 ) 


00 I HI 


1050 


IF (W ( I , I ) . EQ , 0 IxGO TO 1 200 


00 1 39 




DO 1060 JR»IH,U 


00140 




IF (W( JR, I ) .NE. 6) THEM 


00 141 




R-W(JR, I)/W(I,T) 


00)12 




DO 40 KC=I + 1,NH 


on 1 4 3 




TEMP-W(.JR.KC) 


0014 1 




W ( JR , KC ) -W ( JR . KC ) -R*W ( I , KC ) 


00145 




IF (ADS(W(JR.KC) ) .LT.EPS2*TEMP) W(JR 


00 140 


40 


CONTINUE 


00 147 




END IF 


OUi 10 


1060 


(JONTINUE 


00 1 19 


1010 


CONTINUE i 


00 J 50 




DU 1070 1=1, N ' 


00 1 .5 1 




I'FT=DET*W(I, T) : 


001 52 


1070 


rorniNUE 


00 1 5 3 
"0 1 5 1 




IF !W(N,N) .EQ.O) G'> TO 1200 


GUI 5.5 




W(M.II + 1)-W(N,N + 1 )/W(N.N) 
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00156 

00 1 57 
(Ml 150 
U 0 159 

001 GO 


l>c 1 000 NV-N-1 ,1.-1 
VA=W(HV,N+1) 
iHj 1075M-V-NV4 1 .N 

VA-VA-W(NV,KJ "W(K,tH 1 } 


01,1161 1075 
00 1 62 

0()J63 1000 
00164 


'■•ONTINUE 

W(NV, N+1 ) “VA/W(NV,NV) 
• •r.liriMUE 


00 1 65 

00166 1200 

00167 

00168 


l-i/fllRM 

I-KIOT* , 'MATRIX 1.5 5INGULAR’ 

r:i"P 

EOl' 
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APPENDIX G; MYLAR INFORMATION 




MVLQr 

^ ^Oivcsttn #ILM 







TECHNICAL INFORMATION 

PHYSICAL-THERMAL 

PROPERTIES 

ON A ROLL WITH QUALITYi 



Mylar polyester film retains good physical prop- thermal properties of Mylar are summarized In 

erlles over a wide temperature range (“70*C to Table 1. Detailed Informallon and other physical 

+ 150*C): and It Is also used at temperatures from and thermal properties are described In the remalrv 

- 250*C to + 200*C when the physical require- Ing pages of this bulletin, 

ments are not as demanding. Some physical and 

TABLE t 



TYPICAL PHYSICAL AND THERMAL PROPERTIES 
OF MYLAR POLYESTER FILM 



PROPERTY 


TYPICAL VALUE 


UNIT OF 
MEASURE 


TEST METHOD 


Qage and Typ« 
End Use 


P2A 57VB 

Industrial Video Tape 






Sli® 






ipfii 






Strength at 5% 
Elongation MD 

(F-5) TD 


15200 15200 

14700 13800 


psi 

psi 


ASTM D 882 
ASTM D882 




.';MgC^7600:it, 
^ ^ d548000''^ 


604000 

Wp'.mmr'i 




iili 




Elongation MD 

TD 


106 90 

84 76 


V. 

V. 


ASTM D 882 
ASTM D 882 


r Surface Kc>ughnMaJ*5»i 




mmm 




Density » 


. 1.392 1.391 


grams/cc 


ASTM D 1505 


J«»W*as®S6K 










Mett Point 


253 252 


•c 


DSC* 


t blrpen^lwial si ibIHty\'!S f.* . 


m 






'• '’Kj D uPont lest / 
/^/du PontTesj 


Specttic Heat 


028 028 


cal/gm/*C 




Thermal ^pdnslob erS.i.v 


i 


■mimkimm 






UL04 Flame Class 


04VTM 2 94VTM2 


Slow to a4lf' 
•xtIngulaMng 
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APPENDIX H: HPH DRAWINGS 
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